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Preface 



Wafer bonding, also known as direct wafer bonding or wafer fusion, has devel- 
oped from an almost obscure niche technology in the 1980s to a versatile base 
technology which is more and more applied in actual high-tech products. The pre- 
sent book will not concentrate so much on the basics and the science of wafer 
bonding which have been described in many hundreds of original publications, 
conference proceedings, numerous review articles and books, but rather on more 
applied and technological aspects of wafer bonding. Consequently, we have asked 
many authors from companies and sometimes also from competing companies to 
give their point of view, including perspectives on actual production and economic 
issues. Fortunately only in a few cases were we turned down by companies which 
were not willing to describe their substantial activities in the general area of wafer 
bonding. If the reader misses some of the obvious players in the field then this ab- 
sence is certainly not due to the lack of trying on the part of the editors. 

Purposely the book starts with a wide-ranging chapter on the history of patents 
in wafer bonding which gives a very general overview on the development of wa- 
fer bonding from the medieval ages over the time in which first developments 
could actually be patented to the more recent patent history. 

The main commercial application of wafer bonding is in the area of silicon-on- 
insulator (SOI) technology. The basics of SOI technology therefore is described in 
a special chapter by one of the pioneers in the field of SOI devices. Two of the 
main technologies to fabricate thin film SOI wafers by wafer bonding (UNIBOND 
and ELTRAN) are described by representatives of the respective companies, 
SOITEC and Canon. The use of wafer bonding for future advanced digital elec- 
tronic nano-devices is described by an author from IBM’s Watson Research Labs 
in a chapter also touching on strained silicon devices and SiGe technology. A sub- 
sequent chapter is devoted to the very different fabrication of much thicker SOI 
layers in the range of many microns and their applications in numerous power and 
high voltage and analog devices presented in a contribution from Analog Devices. 

Most of the subsequent chapters written by authors from public research or- 
ganisations and universities deal with processes and devices which are not yet in 
production but clearly have the potential to get there. We have asked the authors 
to mention also technologies which could be considered as competing with wafer 
bonding and many authors followed our suggestion which allows the reader to get 
some information also on competing technologies. There are special chapters 
which deal mainly with partly competing and partly complementary technologies 
such as laser lift-off and crystal-ion slicing. The hybrid integration of optoelec- 
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tronics and microelectronics as well as the integration of ferroelectric layers and 
silicon by wafer bonding are described in two chapters. The use of wafer bonding 
for the fabrication of three-dimensional photonic crystals, described in the chapter 
from Kyoto University, is surprising and technologically elegant. One chapter 
coming from a Fraunhofer Institute is devoted to the question of how bonded wa- 
fers can be most efficiently debonded again, as this is of major interest for many 
practical applications. The final two chapters deal with wafer bonding approaches 
in optoelectronics, partly already in production, and with the development of new 
alternative substrates with single crystalline SiC layers, which will become impor- 
tant as much less expensive substitutes for bulk SiC wafers. 

Let us finally mention that we are convinced that the enhanced design freedom 
in materials integration which is enabled by wafer bonding approaches will lead to 
many more unexpected technological solutions in the future. It appears to us that 
in the area of materials integration and the resulting devices, in many cases we are 
now more restricted by our limited imagination than by limitations in technology. 



Halle, February 2004 



Marin Alexe 
Ulrich M. Gosele 
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1 Direct Bonding, Fusion Bonding, 

Anodic Bonding, Wafer Bonding: 

A Historical Patent Picture of the Worldwide 
Moving Front of the State-of-the-Art 
of Contact Bonding 



J. Haisma 



1.1 Relevant Patents in a Broader Scope 

Patents tell their own (hi)story, which is not always covered by scientific litera- 
ture. They basically represent the moving front of the state of the art. Direct (glue- 
less) bonding, which occurs under ambient conditions, has a longer history (from 
the 19th century) than its patented counterpart (from the second quarter of the 20th 
century); fusion (wafer) bonding dates mainly from after World War II. Contact 
bonding covers all types of bonding, realized by the face-to-face contacting of two 
bodies under various conditions (e.g. vacuum) and after-treatments (e.g. anneal- 

ing). 

In this paper we sketch the outline of these topics in relation to the world wide 
patent flow, divided into a selective rather than an exhaustive list of specialities. 
Before World War II, direct bonding was mainly applied in classical optical in- 
struments (e.g. interferometers); after World War II bonded semiconductor-wafer 
technology became a general challenge for radiation-hard, dense (if not ultra- 
dense) integrated circuitry, as well as for three-dimensional chips. We will con- 
sider processing, manufacturing, bond phenomena and bond- strength enhance- 
ments, specifying their applications in a few disciplines. During these excursions 
into the domain of patents, we will tell a few stories (patent discussion-points), 
and indicate their impact on scientific, industrial and daily life. We will also show 
that this bonding story is one of excitement, challenge and surprise (if not good 
luck), based on inventions and utility principles, and sometimes looking forward 
to a rosy future. 

Patents are notoriously annoying to read. This is not true for the story of pat- 
ents, however. This is a story which sometimes has a happy ending, and some- 
times an unhappy one; a story of the foresight of an inventor, often closely linked 
with that of a patentee (patent holder). As far as the inventor goes, a patent is a 
reward for his or her own acumen to be able to move the state of the art a small or 
large step forward. 

In this chapter we will show these resourceful steps in wafer bonding in a 
somewhat broader bonding scope. 
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1.2 A Monopolistic Utilitarian Framework 

To make the contents of this chapter consistent, we will first give a brief descrip- 
tion of the characterization of patents over the course of time, followed by some 
specialities in a somewhat broader scope. In Sect. 1.3 we will give some relevant 
details about the subject matter of this book (wafer bonding). The history of direct 
bonding in the pre-patent period will be given in Sect. 1.4. 

A patent is basically a government-granted right to the exclusive exploitation of 
an invention, the latter being officially recognized as such. The invention has to be 
“new, useful and non-obvious ” and the contents of the invention have to be con- 
cisely and unambiguously formulated in one or more claims. The granted right 
expires after some time, usually twenty years after its application date. 

The history of patents is rather recent, although the first patent known was 
granted in 1421 in Italy in the city-state of Florence. The engineer and architect 
Filippo Brunelleschi received an exclusive three-year right for a specific means to 
handle and transport marble by ship. During the “Golden Age” (1600-1700) such 
type of exclusive rights were granted one by one, all over central Europe. 

The first patent as we know it today was granted in the United States of Amer- 
ica in 1790, when Congress passed the first U.S. Patent Statute. John Stevens 
(1749-1838), an American lawyer, inventor and promoter of steam power for 
transportation, filed a petition to the U.S. Congress in around 1790, which resulted 
in the above-mentioned patent law. France enacted its patent system in 1791, and 
many countries did so in the 19th century. Some were rather late, however, such 
as the Netherlands which followed only in 1910. 

In the beginning, patent granting in the U.S. was approved by government de- 
partments such as the Secretary of State, the Secretary of War and the Attorney 
General. This was cumbersome and not always technologically to the point. So, as 
early as 1793, a revised patent law granted a patent to anyone who registered it. If 
any of the parties disagreed, the Courts had to decide. This was an untenable situa- 
tion. The U.S. Patent Office was established in 1836 and with it patent law was 
guided onto a better path. 

The word patent is derived from the Latin verb “patere ”, which means “to be 
open, to be available, to be public”. In Roman times “litterae patentes” were 
open letters concerning government or, later on, ecclesiastical matters to be made 
public. Nowadays some countries use the word “octrooi, octroi” instead of patent. 
In France the word “brevet” is used. 

A “date of invention ” is often hard to give, but the juridical date of an inven- 
tion is the application or the priority date (which can sometimes be an embarrass- 
ment date) for those countries which adhere to the “first-to-file ” principle, such as 
the European countries and Japan. In the USA, however, the more correct but also 
more intricately demonstrable “first-to-invent” principle applies. An invention has 
to be “new”, not made available to the public before the filing/priority date. The 
non-anticipative period is one and the same calendar day. This means that if two 
patents with comparable contents are applied for on the same day at different 
places in the world by different applicants, both have to be granted in accordance 
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with law. This is rare, however (see Sect. 1.11, and also 1.13, for an example of 
what almost happened)! 

In the main text of this chapter, the patentee (i.e. the patent holder) is normally 
mentioned, not the inventors; the references, on the other hand, cite the inventors 
(as is usual in scientific literature) and not the patentee. References are made to 
the relevant U.S. patents, if issued and as found in the World Patent Index. 

The figures are mainly derived from patents and made as “ self-explanatory ” as 
possible. Refer to the cited references for more details. 

The author has tried to find patents on wafer bonding from all continents. Re- 
gretfully, Africa and Australia are absent, as is the Middle-East. 



1.3 Physical Background and Object in View 

Direct bonding and all the various types of bonding discussed here, have the tech- 
nological designation “high tech High tech, in this sense, is used in at least four 
ways: chemical, geometrical, mechanical and physical. Let us consider silicon as 
an example, together with the following properties: 

• Cleanliness (i.e. chemical surface state). Silicon is an active material. Chemi- 
cally adsorbed elements, both organic and inorganic, influence its electrical and 
bondability characteristics. Intense cleaning procedures therefore have to pro- 
ceed processing, and are sometimes even necessary after a processing step. Fur- 
thermore, silicon can be chemically treated so that it becomes hydrophilic (wa- 
ter attractive) or hydrophobic (water fearing), which influences its bondability 
and bond strength. 

• Shape (i.e. geometrical surface state). The wafers in wafer bonding are flat and 
relatively thin. In such cases, flatness (when placed on a vacuum chuck) is 
more determined by the parallelism of a wafer than its natural flatness (what- 
ever that may be). We will discuss this in more detail in Sect. 1.10. 

• Roughness/smoothness (i.e. mechanical surface state). The Van der Waals 
forces, responsible for direct bonding, constitute relatively weak bonds (say 
about one tenth of a chemical or covalent bond). The forces are a function of 
the mutual distance between the two surfaces to-be-bonded. To be effective, the 
root- mean-square value 1 [1] of the roughness of the surface has to be in the or- 
der of 2 nm, and preferably 0.5 nm. This is a very high requirement, for some 
materials extremely high. 

• Materials quality (i.e. physical perfection). This parameter is determined by the 
manufacturer of the material. In the case of silicon, the crystalline quality has to 
be of an extremely high level to prevent malfunctioning in its active parts 
where devices are fabricated. 



1 The root-mean-square value A 7^ of Talystep measurements, for example, is: 



A7„ 



1 



N - 1 



N—\ 

5>, 2 



/=0 



where Y x is the local (i) distance from the horizontal axis [1]. 
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These properties together promote the materials destined for bonding applications 
to the realm of “high tech”. To be correct and clear in the nomenclature of bond- 
phenomena, we will now define the following terms: 

1. Direct bonding: this is the lateral annihilation by Van der Waals forces, sponta- 
neously or forcibly, of two flat uniting reconstructed surface layers of two sepa- 
rate, non-plastically deformable, solid, monocrystalline, polycrystalline, amor- 
phous, organic or inorganic elements, which are not necessarily of the same 
species, at ambient conditions in a one-dimensional dynamic process, at an 
atomic level; it is feasible on condition that an “optical contact” has been 
achieved and a sufficiently optimized chemical, geometrical and mechanical 
surface state (surface finish) has been brought about. A reconstructed surface 
layer is the transition of a materials” bulk equilibrium to ambient. This layer 
has a thickness of between 5 and 10 atomic distances (lattice spacings). By di- 
rect bonding reconstructed surface areas are cancelled under release of twice 
the surface energy and are transferred to a (monolithic) bulk-materials circum- 
stance. 

2. Fusion bonding: this is a cohesive/adhesive joining of two solid bodies, 
clamped together or even direct bonded, and annealed at an elevated tempera- 
ture up to an atomic mobility level at which the reconstructed surface layers of 
the two elements are chemically (covalently) united. 

3. Anodic bonding this is comparable to fusion bonding, but at least one of the 
surfaces to-be-bonded has to contain an electric-field drivable compo- 
nent/element, in such a way that coalescence or diffusion takes place at the an- 
nealing temperature under influence of an electric field. Anodic bonding is also 
called: Field- Assisted Bonding or Electrostatic Bonding. 

4. Vacuum and ultrahigh-vacuum (UHV) bonding: this is the direct joining of two 
solid elements under vacuum conditions, with a high level of cleanliness with 
regard to the reconstructed surface layers, which unite their free dangling bonds 
directly to a chemical bond at room temperature or near room temperature. 

It goes without saying that variants of these bond phenomena are possible. Direct 
bonding is a room-temperature process under ambient conditions. Pre-treatments 
and after-treatments influence the bond properties. A more generic term would 
therefore seem to be appropriate. Given the fact that all these bond processes need 
an initial contact, the term contact-determined, contact-assisted or simply contact 
bonding seems to be an appropriate generic term. It also reflects the notion of “op- 
tical contact” introduced by Newton. The term contact bonding will be applied, 
where relevant in this chapter. 

The objects in view of wafer bonding are mainly determined by semiconductor- 
wafer bonding. In this sense, silicon-on-insulator (SOI) is a very important topic, 
destined (one day) to establish high-density if not ultrahigh-density, radiation-hard 
and three-dimensional integrated circuitry. Open-worked wafers and partially re- 
cessed wafers can also be applied for contact bonding, so sensor technology, for 
example in automotive and medical applications, is another topic. Similar and dis- 
similar materials can be combined, giving rise to novel application options, such 
as the combination of direct and indirect band gap materials for optoelectronics in 
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a contact-bonded framework, as soon as the processing of both materials is com- 
patible. 

The reader is advised to consult the other chapters of this book for more de- 
tailed information. 



1.4 The Pre-patent Period of Direct Bonding 

In the most classical physical period, rays of light were intensively investigated by 
scientists like Sir Isaac Newton (1642-1727) [2], not only in order to analyse their 
colour pattern, but also to understand their corpuscular or undulatory character. In 
the meantime, mechanical optical polishing had reached an appreciable mirror- 
optical level. Newton put one prism on top of another one, whose surface he knew 
to be somewhat convex. To his great surprise he saw two most curious phenom- 
ena: 

- a “central black spot” at the point of “optical contact”, and 

- coloured rings (later called Newton rings) around that black spot. 

It was that very spot that gave mankind its first notion of direct bonding! It was 
not yet recognized as a bond but as a reflectionless spot at the area of intimate 
contact between the two surfaces, and was treated as such in the 18th and 19th 
centuries. In 1823, S.-D. Poisson (1781-1840) gave a lecture before the Royal 
Academy of Sciences in Paris where he explained, for the first time in history, the 
reflectionless character of two optical bodies of the same material, being in optical 
contact [3]. 

In the second half of the 19th century, surface finishing both in optics and me- 
chanics had progressed considerably, and some well-finished elements sometimes 
stuck together spontaneously. The British therefore spoke of “ to wring together ”, 
and Germans of “ansprengen ”, which has the same meaning. However, the clever 
optical-workshop employees of Adam Hilger Ltd, England, found it to be a way to 
contact optically well-polished components without glue, and moreover, reflec- 
tion-free (if the two components have the same refractive index); they had the 
“know-how” to guarantee perfect reflectionless positioning (if well done) of opti- 
cal components, aligned under perfect distance mastering. In this way, direct 
bonding found its first optical application, which was published as early as 1905 
by F. T wyman [4], an employee of Hilger Ltd; he applied direct bonding in the 
fabrication of interferometers. 

In the meantime, the Dutch classical particle physicist J.D. Van der Waals 
(1837-1923), a self-made man (later on a Nobel laureate) had studied the interac- 
tion of molecules in air (hydrogen, nitrogen, oxygen). He became aware of the fact 
that molecules at a short distance from each other are attractive. From here stems 
the notion of Van der Waals forces, the driving force behind direct bonding. 

As we mentioned earlier, a direct bond, i.e. a Van der Waals bond, is not a 
strong bond when compared to a covalent or chemical bond. In 1917, Parker and 
Dalladay [5] were the first to apply bond strengthening by annealing. In doing so, 
direct bonding was transferred to the realm of contact bonding. 
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In 1930, J.W. Obreimoff from St. Petersburg [6] carried out direct-bonding ex- 
periments using mica (muscovite) under vacuum conditions and he found the 
same bond strength for bonded as well as for fresh mica; he basically found cova- 
lent bonding under vacuum conditions. 

Finally, in 1936, Lord Rayleigh the Younger (1875-1947) studied reflectionless 
bonding as well as direct bonding in greater detail, and he came to the conclusion 
that both were one and the same phenomenon [7]. He also carried out several 
bonding experiments and measurements, which agreed well with recent results. 

In conclusion, we can state that all basic knowledge of direct and contact bond- 
ing was available before World War II, ready for the next steps in the evolution of 
bonding techniques, which will be described in the sections that follow. 

See [8] for more detailed historical and background information. 



1.5 Bonding Patents Pre-World War II 

Before World War II was the pre- wafer-bonding period. Direct bonding was al- 
most exclusively applied in classical optical instruments such as interferometers. 
One of the first patents was a British one, held by William Ewart Williams [9], 
and applied for in July 1928. It concerns two optical items: a reflecting echelon 
grating or interferometer (basically a Michelson interferometer) and a Fabry-Perot 
interferometer. 




Fig. 1.1. A Michelson echelon interferometer, having direct bonded plates 1, clamped to- 
gether and having a reflective layer on its outer surface 2, so as to be viewed by window 3. 
The interferometer has been placed in a vacuum surrounding. From [9] 

Figure 1.1 shows a schematic view of the echelon, in which the plates of equal 
thickness up to the highest optical achievable level are direct bonded, label 1 , “in 
a staggered or echelon formation so as to obtain a uniformly increasing optical 
retardation from successive reflecting surfaces The materials used are prefera- 
bly fused silica and Invar steel in order to be least temperature dependent. Direct 
bonding is mentioned in the first claim, which states: 
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“An optical interferometer of the reflection echelon or the Fabry Perot etalon 
type , in which the separation between successive reflecting surfaces is maintained 
substantially constant by making the plates, or the spacing means, of fused silica 
or other materials, having a negligible coefficient of thermal expansion, the con- 
tacting surfaces being optically worked and disposed in optical contact substan- 
tially as set forth and for the purpose mentioned” . 

A Fabry-Perot interferometer basically consists of two flat plates, placed per- 
pendicular to an optical axis at a certain distance. The inner faces of the two plates 
must have mirrors which are both reflecting and at least one somewhat transmit- 
ting. Such an interferometer will be discussed in much more detail in Sect. 1.7. 

This patent states: “to avoid loss of light at the interfaces of the (direct bonded) 
plates, these plates have since the year 1905 been pressed into optical contact 
over the major part of their surfaces ” and [4] is then cited. 

A second British patent [10], applied for in 1930, is held by F. Twyman (men- 
tioned earlier) and J.H. Dowell, both at the same address (probably the optical 
company Hilger Ltd, England). It concerns “improvements in or relating to length 
measurements by interferometer” . The description of direct bonding is only men- 
tioned here: 

“Alternatively the zero plane (i.e. reference plane) may be comprised on two 
plates mounted in optical contact at the zero plane in such a manner that a part of 
the plane on each plate remains uncovered by the other plate ”. 

This is comparable to the contents of the first mentioned patent. 

From the information so far, we might conclude that direct bonding was applied 
in a small circle around the optical manufacturer Adam Hilger, Ltd. However, di- 
rect bonding was most probably applied in more than one place in Europe, both in 
optics as well as in mechanics, but was kept confidential as a “trick of the trade ” 
and not made public. 



1.6 The Rise of Bonding Patents Post-World War II 

World War II was a turning-point in the history of humanity. The first industrial 
revolution, based on cooperation, solidarity and technological evolutions paused, 
at least partially. After World War II we first saw a strong drive within Europe to 
reconstruct what had been lost and destroyed. Internationally, even intercontinen- 
tally, togetherness again prompted greater solidarity and unity. We learnt to domi- 
nate distances and a second industrial revolution - so to speak - took place. Dedi- 
cated semiconductor physics was invented, which has generated semiconductor 
technology and has combined to conquer the world in an unprecedented way. 
Humanity became more knowledgeable than ever! 

In this great stream of technological progress and diversity, bonding played a 
minor but goal-oriented role. Figure 1.2 shows the number of patents as a function 
of time (on a year-scale) as found in the World Patent Index for the keywords: an- 
odic bonding, wafer bonding, direct bonding and fusion bonding. We should em- 
phasize that this data has no absolute value in the sense that it represents all the 
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patents granted under the relevant heading. It represents only a number which in- 
dicates that the keyword is found in the title and the brief description of the pat- 
ent’s contents, no more than that. Nevertheless, it shows us a clear trend in bond- 
ing matters. What we see is that from about 1970 onwards, bonding plays an 
appreciable role in patent literature, and still increases if we sum up all the values 
along the vertical axis. We can also see that anodic bonding remains rather low, 
and fusion bonding has the strongest increase. 




Fig. 1.2. Number of granted patents as a function of time (yearly) under the keywords: an- 
odic bonding, wafer bonding, direct bonding and fusion bonding. Derived from the World 
Patent Index 

In the nineteen sixties, a transition more or less occurred from bonding in passive 
classical optics to bonding in active electro-optical interferometric optics (lasers). 
The role of bonding in electro-optics is treated in the next section, due to its 
world-wide impact on human home-entertainment evaluation since that time. 



1.6.1 Wafer Bonding: Discussion Point 

Wafer bonding in itself is the “outsider” in the technological bonding story; it is 
not a specific bonding technology but a “directed manufacturing-strategy” (di- 
rected in the sense that it is used in a directed economy). This can best be demon- 
strated in the case of silicon-on- insulator (SOI). In the 1970s and 1980s, SOI was 
a silicon topic [1 1] as a result of the following three challenges: 

• radiation hardness of SOI-integrated circuitry, 

• high-density circuitry, and 

• three-dimensional circuitry. 

SOI research started with laser crystallization or recrystallization of a thin layer 
of amorphous or polycrystalline silicon on top of an insulator, normally a thermal- 
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oxide layer, grown on top of a standard silicon substrate. A reasonable amount of 
research has been dedicated to it worldwide, even with international cooperation. 
However, laser-recrystallization is a localized point-process, not a wafer-scale 
process, and in this sense it was a technological loser. As we know, however, sili- 
con technology is a wafer-scale manufacturing technology par excellence. That is 
exactly why wafer bonding should be considered to be a “directed manufacturing- 
process item ”, according to the exigencies of the case. The main part of this book 
will quite rightly be dedicated to this subject matter, with the various bonding as- 
pects as a free-running parameter. 



1 .7 The Novel Face of Classical Electro-optics 

Albert Einstein (1879-1955) was one of the greatest, if not the greatest, theoretical 
physicists of all time. A native German, he left Germany and became a naturalized 
citizen of Switzerland early in the twentieth century. In 1912/1913, however, he 
returned to Germany and from 1914 to 1933 he was professor of physics at the 
University of Berlin. During that period (1916-1917) he studied the interaction 
between radiation and matter and came to the conclusion that radiative transitions 
should be possible under the influence of an electromagnetic field (stimulated 
emission), in addition to spontaneous emission [12,13]. This is what the maser 
(microwave amplification by stimulated emission of radiation) and laser (1 for 
light) investigations of the Post- World- War-II period were based on. 

In 1960 researchers at Bell Labs (USA) applied for a patent [14] for a gas opti- 
cal maser (later on called a laser). The first publication [15] on this topic showed a 
laser with a length of about 1 metre and a diameter of about 3 cm. It was a Fabry- 
Perot interferometer, with parallel and flat high-reflective mirrors at the ends of 
the discharge tube. This most important invention transformed the classic passive 
interferometer into an active device, with an active medium within its cavity, i.e. 
relevant excited states of a He-Ne gas of which the energy levels have an inverted 
electronic population (density). 

This most interesting device had two disadvantages: 

- it was very vibration sensitive, and 

- it was much too long and large for an application in electronics. 

However, gas discharges obey transformation rules. So, the researchers at Phil- 
ips Research proposed to transfer the Bell-Labs one-metre laser to a length of 
about 10 cm. A (hand-made) fused-silica cylindrical block (tube) could then be 
taken, and the end faces polished flat and almost perfectly parallel, thus preparing 
the block as a discharge tube. Optical flats were then direct bonded onto this block 
on both sides, bearing in the centre of the flats the high-reflective mirrors, to guar- 
antee the required parallelism of the two mirrors of the Fabry-Perot interferometer 
[16] (see Fig. 1.3). The next step was to redesign this laser-type into an electrically 
tuneable one [17,18]. 

This laser body transformation on gas-discharge grounds became a great suc- 
cess for Philips in the following two areas: 
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- the fundamentals of light-optics in an active resonator, and 

- the development of the quality of home-entertainment music. 

Thus, the short stable Fabry-Perot-type gas laser (Fig. 1.3), with direct-bonded 
mirror-bearing flats, played its own particular role in the post-World-War-II in- 
dustrial revolution. We will now briefly describe what happened. 




Fig. 1.3. Short stable Fabry-Perot He-Ne gas laser. An early type from 1962 



1.7.1 Distributed-light Patterns 

In 1961, two scientists from Bell Labs (USA) published [19] theoretically calcu- 
lated mode patterns (light configurations) to be obtained in an active resonator, for 
example; a principle which is applicable to lasers. A laser cavity, which will show 
these phenomena, needs to fulfil a few requirements. A Fabry-Perot interferome- 
ter is basically an optical comb filter. This filter has to be such that only one 
transmission window is present within the bandwidth of the radiating transition. 
And that is exactly what happens with the short stable gas laser! So, with the input 
power as a fixed but adjustable parameter, a series of far-field (optically focused) 
mode patterns can be evoked as a function of interferometer length, as shown in 
Fig. 1.4. At that time this was unique in the world of interferometrical linear optics 
[ 20 , 21 ]. 

A second phenomenon which the short stable gas laser revealed is combination 
tones. This is an occurrence that is well-known in acoustics, i.e. in organ pipes, 
but was not yet known in optics. If two mode patterns of frequencies f\ and/i exist 
in one and the same resonator in a nonlinear medium, then composed mode pat- 
terns might occur at the frequencies (2f\-f 2 ) as well as these are the 

above-mentioned combination tones. Given the fact that a mode pattern at f dif- 
fers spatially from that of f 2 , its combination tone (i.e. mode pattern) will be a spa- 
tial superposition of both at one frequency (see Fig. 1.5). Such a phenomenon in 
optics had just been predicted by the Nobel laureate W.E. Lamb Jr. [22], and 
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measured via specific optical means by Philips researchers [23,24]. This was a 
second novel optical phenomenon brought about by the short stable Fabry-Perot 
He-Ne gas laser. 
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Fig. 1.4. Far-field mode patterns of a short stable Fabry-Perot type He-Ne gas laser as a 
function of mirror distance (tuning, horizontally) at various input powers (vertically) 
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Fig. 1.5. Schematic presentation of combination tones as detected in a short stable Fabry- 
Perot He-Ne gas laser. If it had been a simple modulation of two “fundamental” modes, the 
sequences in the frequency scale would have been as shown in the third row, for whatever 
physical reason. Careful interferometric measurements, however, showed a sequence as 
presented in the fourth row and accurate frequency measurements revealed the 2fj-f 2 , 2/^/} 
relationship, proving optical combinations tones 



1.7.2 A Video/ Audio-entertainment Issue 

Video-on-disc (for cinematographic purposes) dates back to the 1930s. A trans- 
parent disc, with audio information on top (detected by a needle) and a series of 
small video images below, intermittently projected onto a screen, is described in 
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an old German patent [25]. So, video-on-disc was not completely unknown after 
World War II. 

Lasers have a few very specific properties: the radiated light is monochromatic 
and coherent, which implies that it is most suited for diffraction-limited imaging, 
i.e. fine-focusing. In the late 1960s, Philips researchers, initiated by Pieter Kramer, 
Klaas Compaan and the Austrian Robert F.K. Forsthuber, became aware of the 
fact that it should be possible to store sufficient information on a disc of 35 cm di- 
ameter for, let us say, one hour of video. To this end, the short stable gas laser was 
applied as an information-probing source, replacing the needle used in audio discs. 
A program was started called Video-Long-Play (VLP, registered trademark) [26]. 
In this set-up a scratch-free (as compared to a needle) gas-laser element replaced 
the standard needle of audio-information detection, as shown in Fig. 1.6. Video- 
Long-Play, however, came to an unhappy ending (at least a preliminary one). In 
the 1970s it became clear that audio had a better chance of becoming an economi- 
cal and technological best-seller than video. VLP therefore made way for Audio 
Disc, still a disc of 35 cm diameter. In the meantime, the Pulse-Code-Modulation 
technique was developed and it was soon evident that one hour of audio could be 
stored on a much more compact disc. It was in this way that Compact Disc (CD, 
registered trademark), was developed. In 1982 Philips, in cooperation with Sony 
(Japan), brought this new product onto the market. 




Fig. 1.6. Schematic diagram of the Philips Video-Long-Play (VLP). The record 1 is 
scanned from below by light from a He-Ne laser 2. The objective 3 is held focused on the 
record by a system based on a loudspeaker mechanism. The pivoting mirror 4 ensures that 
the beam remains centred on the track; the mirror is operated by a rotating-coil arrange- 
ment. Incident and reflected light beams are separated by the prism 5. The detector 6 con- 
verts the reflected light into an electrical signal. Derived from [26] 

But technological time never takes innovative rest! Around 1970 the Russian 
scientist Zh.I. Alferov (Nobel laureate) invented a III-V compound laser diode 
[27], working at room temperature, which was a much smaller device and replaced 
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the He-Ne gas laser in the seventies. Nevertheless, the short stable gas laser of the 
early 1960s, bearing direct-bonded optical flats with a high-reflective mirror in the 
centre, paved the way for Compact Disc, an audio-entertainment vehicle which 
has replaced the gramophone (phonograph) the world over; a happy ending! 

VLP was ahead of its time, it became a disillusionment (at least for Philips) but 
Digital- Versatile-Disc (DVD), based on the same principle, might one day win the 
battle, leaving behind an out-dated tape recorder. Technological history is some- 
times unpredictable! 



1.8 Fusion Bonding 

Fusion bonding is a bonding process essentially governed by three process condi- 
tions: intimate face-to-face contact of the to-be-bonded elements, temperature, and 
a convenient atmosphere in which the bonding has to be realized. See Sect. 1.3 for 
a definition. There are three types of fusion bonding: 

1 . samples, clamped together (without an external excess pressure) and annealed; 

2. samples, direct bonded and annealed, and 

3. samples, direct bonded and locally fusion bonded (by laser scribing). 

Bonding technologies, applying temperature as well as pressure, are treated under 
the heading thermo-compression bonding (in Sect. 1.11) and those applying tem- 
perature and an electric field, are treated under the heading anodic bonding (in 
Sect. 2.9). The patents treated here are merely examples; they are by no means ex- 
haustive. 



1.8.1 Clamped Fusion Bonding 

Fusion bonding in silicon was first applied in 1961 by Nippon Electric Company 
(NEC, Japan) and formulated in a patent [28]. The basic content is described in the 
first claim as follows (to give a taste of a claim formulation): 

“The method of making a unitary semiconductor structure comprising the steps 
of: holding an n-type semiconductor element in adjacent relationship with a p- 
type semiconductor element, subjecting said elements to an atmosphere of oxygen 
which has been saturated with steam at approximately 80° C, and heating said 
elements to a temperature of at least 650°C for approximately one hour while in 
said atmosphere, to thereby cause a bonding layer to grow between adjacent ele- 
ments, said layer being formed of an oxide of at least one of said semiconductor 
elements. ” 

To summarize, the description of the figure shows that the bonding is brought 
about in the vertical, oblique and horizontal planes (see Fig. 1.7). In this way, Ja- 
pan anticipated plane, thick silicon fusion bonding! 
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Fig. 1.7. Fusion bonding of (thick) silicon elements (1961) in a steam/oxygen atmosphere: 
(a) vertical, (b) oblique, and (c)horizontal joints. One circle manifests a diode, two a tran- 
sistor. Derived from [28] 

Fusion bonding of III-V compounds was applied by Varian Associates (USA), 
and formulated as follows: 

“The heat of bonding was carried out at a temperature on the order of 680° C, 
a pressure on the order of 10 g/cm 2 (to be considered as a clamp pressure) and for 
a time on the order of 10 minutes ” [29]. 

A method of forming integrated-circuit structures with cavities, with fully en- 
closed, isolated air insulation by fusion bonding [30], was developed by IBM 
(USA), and is described in the first claim as follows: 

“A method for fabricating an integrated circuit member comprising: etching a 
pattern of cavities extending from one surface of a first silicon substrate into said 
substrate, said cavities laterally surrounding and electrically insulating a plurality 
of substrate pockets, forming a first layer of silicon dioxide on first substrate sur- 
face, forming a planar second layer comprising siliceous glass over a second sili- 
con substrate, fusing said planar layer to said silicon dioxide layer to thereby fully 
enclose said cavities, and removing said second substrate. ” 

Fusion bonding of silicon surfaces, after removing the native oxide layers of the 
wafers in a clean atmosphere at a temperature of 1000°C to 1200°C [31], was ap- 
plied by Toshiba (Japan). So, this is bulk silicon to bulk silicon fusion bonding. 

Standard silicon wafers are standardized thin discs in shape and diameter, with 
or without a principle flat. Mitsubishi (Japan) had the brilliant idea of extending 
the substrate-area in a non-conventional but straightforward way by vertically fu- 
sion bonding four well-prepared semiconductor ingots in such a way that their wa- 
fers resemble a four-leafed clover (see Fig. 1.8) [32]. In this way, by standard in- 
got growing, the wafer surface area could be enlarged (integrated) by a factor of 
four, which is a lot! 
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1 , 2, 3, 4 Bonded interfaces 

Fig. 1.8. Substrate as-delivered by a manufacturer consisting of a composite of four circular 
wafers having two principle flats, fusion bonded to a four-leafed clover shape. From [32] 



Patent Discussion-point 

In itself this was a worthwhile invention, certainly made with the best intentions. 
However, it has one big disadvantage. Besides being a high-tech technology, 
semiconductor technology is also a high-precision technology, as advanced tech- 
nologies such as optical alignment and structuring require high geometrical preci- 
sion. In order to accept the invented substrate shape, the clean-room equipment 
would also have to be compatibly changed, which would require a major financial 
effort! So, for the time being, this invention was a proposal with an unhappy end- 
ing! 



1.8.2 Direct-Bonded Fusion Bonding 

An unfavourable side effect of contact bonding is void forming, however it is 
caused. A most interesting solution was proposed by co-workers of the Korea In- 
stitute of Science and Technology [33]. They optimized silicon-oxide coalescence 
by adapting the atmosphere in which the fusion bonding takes place. They did it 
primarily in a pre-process before direct bonding, by letting the to-be-bonded sur- 
faces react in a wet oxygen atmosphere. These hydrolysed wafers are then direct 
bonded, showing microgaps. These direct-bonded wafers are finally annealed at 
about 1000°C to 1100°C for between 2 and 10 minutes. During the annealing 
process the bonded surfaces show thermal oxidation within which its oxide vol- 
ume increases. This volume increase fills the microgaps up until they are com- 
pletely filled! Extensive experiments in an atmosphere of pure nitrogen as well as 
in dry oxygen and in wet oxygen unambiguously show the final void-coalesced re- 
sults and (process time) advantage of this method (see Fig. 1.9). 
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Fig. 1.9. Relative microgap area (the numeral 1.0 of the vertical axis represents the maxi- 
mum non-occupying rate, i.e. 15 to 20%) of two direct-bonded wafers as a function of an- 
neal time at T=1 100°C. From [33] 



1.8.3 Local Fusion Bonding 

In the 1980s, Philips Research in the Netherlands was very active in the field of 
silicon-on-insulator (SOI), realized by laser-recrystallization, i.e. by laser scribing. 
At the same time, direct bonding was also investigated in a great variety of bond- 
able materials. It was known that direct bonding produced a relatively weak Van 
der Waals bond and decontacting in a (low viscosity) liquid could not always be 
excluded. It was therefore proposed to direct bond several types of wafers and fuse 
them locally by laser scribing. We will give two examples below [34]: 

1. Silicon is transparent to C0 2 radiation (at a wavelength of 10.6 micron), but 
silicon oxide is not! So, a direct-bonded SOI wafer was line -pattern- wise lo- 
cally fusion bonded by focusing the laser beam of the C0 2 laser onto the buried 
Si0 2 insulating layer. 

2. InP on top of a garnet for a specific application. The radiation of a high power 
visible-light argon-ion laser was focused on top of the InP layer and was fu- 
sion-bonded to the garnet substrate, see Fig. 1.10. 

Fusion bonding is one of the most important topics of contact bonding. Fusion 
bonding in the form of direct bonding, followed by bond strengthening by anneal- 
ing, can be considered to be one of the main results, as we shall see in Sect. 1.13 
about SOI. In addition, coalescence during fusion is a worthwhile means to re- 
move microgaps. 
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Fig. 1.10. Line pattern between InP and a fusion-bonded garnet substrate. Experimental 
conditions: argon-ion laser radiation; wavelength 514 nm; power: 2-5 Watt; laser spot di- 
ameter about 15 pm; scanning speed: 60 pm/sec.; trace distance: 1000 pm 



1.9 Anodic Bonding 

The “pre '’-history of anodic bonding is anodization, and more specifically its dis- 
covery by Jack de Ment (USA) in 1947. In his patent [35], he discloses methods 
for the electric and electrochemical union or bonding of certain anodizable metals 
and alloys, particularly aluminium. It encompasses an electrochemical method 
where aluminium oxide can anodically grow and “ interlock ” to an aluminium 
substrate at room temperature. What actually occurs is the following. Aluminium 
oxide is electrically grown on an aluminium substrate; this oxide growth is contin- 
ued until it attaches (coalesces) to a second aluminium substrate during the grow- 
ing of the anodic oxide in-between. 

One step further is diffusion bonding (a word coined here), a Martin Marietta 
Corp. (USA) speciality [36] from 1963. It utilizes “an electric potential across the 
interface to effect rapid diffusion of ions (at an elevated temperature) to produce a 
strong adherent bond”. Semiconductor materials are mentioned as bondable part- 
ners. In principle, this patent describes anodic bonding, not yet used in these 
terms. The only difference with anodic bonding is that an insulating barrier is 
placed between the cathode and the material to-be-bonded, as shown in Fig. 1.11. 
The insulating barrier is meant “to prevent discharge between the electrodes as a 
result of the relative high potential applied and the flow of an electric current”. 

Basically, there are two types of anodic bonding which can be described as fol- 
lows: 

1 . by applying an external electric field, and 

2. by creating an internal electric field. 
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Fig. 1.11. Set-up of “improved diffusion bonding” by applying an electric field over the to- 
be-bonded elements (1963). From [36] 



1.9.1 Anodic Bonding by an External Field 

The term anodic bonding was coined in 1966 by D.I. Pommerantz of Mallory & 
Co, Inc. (USA) for a simple set-up as shown in Fig. 1.12. It was invented “to en- 
capsulate planar surfaces of silicon semiconductor devices and monolithic cir- 
cuits, having a p-n junction” [37]. In a following step, the same group applied an- 
odic bonding of electrically conductive metals to insulators [38], and finally an 
insulating member was bonded to a passivating layer, covering a surface of a 
semiconductor device [39]. All these patents are based on the same principle of 
making an insulator somewhat electrically conductive so as to coalesce or diffuse 
ions at an elevated temperature under the influence of an external electric field, 
bringing about a tight bond for different or a different set of materials. 

Strain gauges are anodic bonded (so far normally done by organic means) to 
opposite sides of a cantilever beam, connected in an electrical bridge circuit. A 
laminate of a silicon strain gauge and a nickel steel cantilever beam were bonded 
together, with a sheet of glass of a critical thickness in between [40]. Improved 
bonds were obtained by the use of field-distributing auxiliary glasses. 

Anodic bonding can be used to bury a field shield in a semiconductor, as was 
shown by IBM (USA) researchers [41]. The aim of this invention was to provide 
both high and low capacitance areas on the same integrated-circuit chip. A buried 
conductive field shield, separated by a thin dielectric layer from an epitaxial re- 
gion in an SOI-integrated circuit, is also claimed. The field shield lies beneath an 
epitaxial layer and can be used for high-capacitance elements, for buried wiring, 
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and for shielding the epitaxial layer against migration of mobile ions from the in- 
sulating layer. 




Fig. 1.12. Schematic set-up for anodic bonding (1966). From [37] 



1.9.2 Anodic Bonding by an Internal Field 

Positive and negative electric charges attract each other. Oxidized silicon wafers, 
with a first wafer implanted with positive charges like cesium ions in the oxide 
layer, and a second one with negative charges of borium ions in the oxide layer, 
do the same thing. That is what we call electrical attraction by an internal field. 
This principle was applied by Siliconix Inc. (USA) as a method of bonding semi- 
conductor wafers [42]. After implantation, the wafers are brought into a face-to- 
face contact and are then exposed to a relatively high temperature in an oxygen 
ambient to fuse the contacted surfaces together. This is an ingenious example of 
compatible silicon-technological engineering. 



1.10 Specific Bonding Matters 

To start with, wafer direct-bonding was a manual procedure, which had to be 
turned into an advanced mechanical bonding technology after World War II. One 
of the first problems was to circumvent or to prevent voids (bubbles) in the 
bonded interface. This problem lead to a whole new subject, how to engineer the 
interfaces to-be-bonded in such a way that the bond quality, including void pre- 
vention, is optimized. The direct-bond technology later developed into a dedicated 
technology. As soon as SOI became a bonding topic, the thinning of the device 
wafer to obtain the relevant thin silicon on top of an insulator was one of the big- 
gest challenges to be technologically and cost-effectively solved. Many achieve- 
ments have been patented, each with its own merits (or not, as the case may be). 
The results obtained need to be closely inspected for a final assessment of the 
bond quality. All these aspects are briefly reviewed below. 
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1.10.1 Bonding Apparatus 

Professional bonding is a field apart. At least two companies broached the subject 
at an early stage: Toshiba (1985, Japan) and Philips (1989, the Netherlands). Let 
us first look at the Toshiba invention [43]. Direct bonding by hand normally im- 
plies an initial contact at the periphery of the wafers, and bonding proceeds auto- 
matically from that point onwards. In the Toshiba set-up, initial contact starts in 
the centre of the wafers (with one wafer in a convex state) and proceeds from the 
centre towards the periphery, more or less avoiding void formation. Their first 
claim defines how this is done, clearly and succinctly: “A method of handling 
semiconductor wafers , comprising the steps of: projecting a central portion of a 
mirror surface of at least one wafer of two semiconductor wafers having mirror 
surfaces; opposing said two wafers to each other and bringing the central por- 
tions of the mirror surfaces of the two wafers into contact with each other; and 
enlarging a contact region from the central portions to the peripheries of the mir- 
ror surfaces of the wafers In order to realize this, the first and second wafer are 
fixed and aligned to first and second holders using vacuum suction, which can be 
released continuously and distributedly. 

Anticipation I 

In 1989 Philips came with almost the same patent [44]; see Fig. 1.1 3 for a com- 
parison. They define their invention as follows: 

“A method for connecting two objects having straight optically smooth sur- 
faces, characterised in that one optically smoothed surface is given a convex cur- 
vature in accordance with a segment of a spherical surface 

It will be clear from the priority dates (Toshiba 1985, Philips 1989) that To- 
shiba anticipated Philips by several years. Philips therefore had to withdraw the 
above-mentioned patent application as soon as the Toshiba invention was known. 



1.10.2 Void-Free Bonding 

Cleanliness is a problem for (silicon) wafers due to the packing, the container, the 
holder, and the handling, in the following contaminating respects: inorganic, or- 
ganic, monolayer, oligolayer, and particles. Wafers therefore have to be cleaned 
thoroughly. Direct bonding is very sensitive to minor obstacles on the surface, 
normally called dust particles, which are the origin of so-called voids: small un- 
bonded areas in an otherwise bonded field. Both problems were investigated and 
solved by the Duke University group (USA), under the title <( void-free or bubble- 
free bonding ”, which included a pre-stage of thorough cleaning. Their approach 
and achievements are given briefly below, as described in the patent application 
[45]. 

• A method is proposed, destined for inside or outside a clean room; 

• a pair of wafers are positioned in a closely spaced-apart and parallel relation- 
ship to each other in a rack; 
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• the wafers have mirror polished surfaces which face each other; 

• the mirror-polished surfaces are cleaned by a hydrophilization cleaning solution 
(the wafers are hereafter hydrophilic); 

• the mirror-polished wafers are flushed with de-ionized water; 

• the wafers are dried in a spin-dryer; 

• the mirror-polished surfaces are brought together and (point) contacted, and 

• the mirror-polished wafers bond automatically or are bonded by some slight 
pressure. 




Philips 



Vacuum 




Wafers to be bonded 



Fig. 1.13. Bonding apparatus of Toshiba (1985) and Philips (1989) showing the Toshiba 
anticipation. From [43] and [44] 
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Fig. 1.14. Schematic set-up of a wafer rack for cleaning and flushing of semiconductor wa- 
fers by appropriate means. From [45] 

Figures 1.14 and 1.15 show the set-up in the pre-bonding stage as well as the void 
number decrease as a function of applied spin-dryer speed. 

As wafer bonding is normally a batch process, batchwise cleaning and bonding 
was investigated in a following step [46]. 
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Special measures were taken during cleaning of the wafers in order to remove 
thermally unstable hydrocarbons [47] by applying per-iodic acid (H 5 I0 6 ) as a 
monolayer on both wafers (bilayer bonding). 

These exercises clearly show that direct bonding is a technology which requires 
many precautionary measures in order to arrive at a top-quality product. However, 
it is basically not different from semiconductor technology as a whole. 
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Fig. 1.15. Number of counted voids and drying time scale as a function of spin-dryer speed. 
From [45] 



1.10.3 Engineering of Interfaces To-Be-Bonded 

Direct bonding was originally a technology with “as-prepared surfaces ”, but well 
cleaned in a standard way, usually using water. Silicon technology has upgraded 
the cleaning procedure to a chemical cleaning standard (Sect. 1.3; Ref. 8). The 
next step was to engineer the surfaces to optimize the surfaces to-be-bonded (see 
the previous subsection). 

To gain an impression of what has been done and what could be done, we will 
now look at three examples of how to manage the surfaces for optimal bonding. 

The first example is a method of Shin-Etsu Handotai Co. (Japan), whose aim is 
to prepare silicon-on-insulator wafers with a high bond strength. To this end, just 
before bonding, they give the surfaces to be bonded a step of irradiation of ultra- 
violet light in an oxygen atmosphere [48]. This is basically a method of bond- 
strength enhancement at room temperature. 
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The second example is a method of Degussa-Hiils Aktiengesellschaft (Ger- 
many), which is intended for bond-strength enhancement by bi-layer bonding. 
Both to-be-bonded surfaces are coated with a monolayer of a sulphur-containing 
organosilane [49], heated after bonding between 150 and 200°C. Figure 1.16 gives 
an example of a transition from a Van der Waals bond to a chemical bond for such 
an organo-composition. 

The last example concerns a releasable bond. Preliminary direct bonding is a 
good means of keeping well-prepared semiconductor wafers contamination- free 
and dust-free. This is done by placing a recess in a marginal region of the wafer, 
filled with a relevant liquid, such as water. Decontacting is brought about by 
bringing the wafers to a temperature substantially higher than the temperature at 
which the liquid vaporizes [50]. 
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Fig. 1.16. Bilayer bonding of two surfaces to-be-bonded, both having an organic monolayer 
on top. A transition of a Van der Waals bond to a covalent bond is brought about at a tem- 
perature of 170°C. From [49] 



1.10.4 Thinning by Dedicated Polishing Techniques 

In classical optics the ratio diameter versus thickness of elements to be polished is 
relatively large (order of magnitude 10 to 1), so large that macroscopic elastic ef- 
fects hardly play a role in normal use. It is a different story for wafers: the diame- 
ter is much larger than the thickness (order of magnitude 10 5 to 1). 

In the latter case, macroscopic elasticity is preponderant (a silicon wafer of 10 
cm diameter and 100 pm thickness can be bent over by at least 180° degrees!). 
The notion of flatness of such a wafer is very relative, depending more on how it 
is fixed than on how it is kept flat. Parallelism of such a wafer is therefore more 
important than flatness. If a real parallel wafer is positioned on top of a thick sup- 
porting body with a high rate of flatness, the top surface of the parallel wafer will 
be as flat as the supporting body. 

As soon as we consider bonded silicon-on-insulator, we encounter a second 

_7 

problem. The dilatation of silicon is about 26 x 10 /°C, but silicon oxide is about 
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5 x 10 /°C. Direct-bonded, bond-strengthened by annealing, say at 1100°C, and 
thinned SOI wafers incorporate an enormous amount of tension, creating warp in 
the SOI wafers. 

At least two methods were developed to remove these difficulties. Shin-Etsu 
Handotai Co. came up with a flatness solution [51], and Philips in the Netherlands 
came up with a parallelism-mastering one [52-54]. 

Figure 1.17a shows the warp of an SOI- wafer structure if the starting wafers are 
nominally flat [51]. Due to the tension in the bonded silicon oxide, the thinned wa- 
fer pair shows warp. To compensate for this warp, the starting wafers are prepared 
with an intentional (calculated) warp in such a way that after bonding and thinning 
the wafers are nominally flat, as shown in Fig. 1.17b. 
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Fig. 1.17. Example of how to obviate warp of a silicon-on-insulator wafer-set. Starting with 
flat wafers (a), the SOI-set shows warp; starting with curved wafers the warp becomes zero 
(b). From [51] 




Philips Research solved the problem for both a single wafer and for batchwise 
[52,53] production. In single-wafer production a standard wafer is fixed to a thick 
supporting body, with a high rate of flatness. The wafer is polished parallel to that 
flat surface. Two such wafers, of which one has a thermal oxide on one side, can 
be prepared as an SOI-wafer via direct bonding and bond strengthening. As de- 
scribed in a patent [52], one wafer of the SOI-wafer pair can be thinned to obtain 
an SOI wafer of the required device-silicon SOI thickness. The problem of batch- 
wise production of parallel wafers and SOI wafers is somewhat more difficult. To 
achieve this, parallelism has to be defined in the case of macroscopically elastic 
wafers. Parallelism is basically a transition from biconvex to biconcave and vice 
versa (see Fig. 1.18). We know that the curvature of a polishing pad induces a 
contra-curvature in the wafer. A polishing machine was therefore developed by 
which the curvature of the polishing pads can be changed from concave to convex 
and vice versa [54]. In this way, batchwise wafers were polished on two-sides, 
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with a parallelism of 1 over 10 ! They were polished symmetrically, on both 
sides, but it can also be done on one side in a specific way. If one deposits a non- 
chemomechanically polishable layer on the back side of the substrate wafer, only 
the SOI top-layer will be polished, parallel to the non-pol ishable layer and to the 
required thickness [53]. 

In this way, thinning of an SOI wafer-set was solved using a basic classical pol- 
ishing technique, by advanced adaptations of pre-handling (warp) as well as by 
optimizing the machining procedure for perfect parallelism. 




Fig. 1.18. A transition from biconvex to biconcave and vice versa to define parallelism 



1.10.5 Thinning by Layer Transfer 

In the previous subsection silicon-on-insulator was manufactured using more or 
less classical means, by adapting the geometry of a wafer or simply by dedicated 
polishing techniques. However, in the last decade new, highly promising tech- 
niques have been engineered for SOI. Here, the thin SOI layer is provisionally 
prepared before bonding, and is separated (split off) after bonding from a handling 
wafer. This type of technology is called the layer transfer technique. 

Epitaxial Layer TRANsfer (ELTRAN, registered trademark) Canon (Japan) 
was developed by an exquisite technology for layer transfer, utilizing the porous- 
silicon effect. Porous silicon can be brought about in p-type silicon by an anodiza- 
tion process. It is basically a randomizing process, producing let us say “ultrathin 
silicon wires” surrounded by silicon oxide, whereby local oxidation asymptoti- 
cally stops as soon as a minimum silicon dimension is reached. Now, epitaxial 
monocrystalline silicon of reasonable quality can be grown on top of a porous sili- 
con layer, whereby the remaining thin silicon elements in porous silicon them- 
selves functions as seeds for the overall monocrystallinity of the epitaxial layer. 
As soon as this has been realized, the epitaxial layer, whether or not oxidized af- 
terwards, can be direct bonded to a second wafer, the substrate wafer, which has 
an oxidized top-layer. After bonding, the porous silicon layer is selectively etched 
and the remaining part of the handling wafer is detached from the SOI-wafer en- 
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semble [55]. Figure 1.19 gives a schematic diagram of the manufacturing route. 
SOI wafers with a twelve inch diameter have been realized in this way! 
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Fig. 1.19. ELTRAN. Schematic procedure of fabrication of SOI by layer transfer via selec- 
tively etchable porous silicon. From [55] 



Smart Cut (registered trademark) is a basic invention, made at the Commissar- 
iat a FEnergie Atomique (France), where, in the first instance, a silicon wafer is 
implanted by hydrogen (protons = H ) ions at a temperature 7), creating a layer of 
gaseous microbubbles. Such a wafer is direct bonded to an oxidized substrate wa- 
fer and finally annealed at a temperature T a whereby T a is larger than 7). At the 
temperature T a the SOI wafer splits off from the remaining part of the implanted 
device wafer [56]. 
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The Max Planck Society (Germany) has intensively studied Smart Cut and has 
treated at least a few aspects of this eminent technology in depth. We will describe 
it here for two cases of SOI wafers. 

• A first implantation in a silicon device “wafer” is done to form hydrogen traps 

(e.g. by B ions), followed by a second implantation with hydrogen ions (H or 

2 + + 2 + 

H , D or D ). Next, a first anneal step is applied to weaken the connection 
between the implanted layer, still attached to the rest of the wafer. This “de- 
vice” wafer is then direct bonded to an oxidized substrate wafer. Finally, a sec- 
ond anneal step is applied to split off the bonded monocrystalline layer from the 
wafer ensemble, resulting in an SOI wafer [57]. In this way, the anneal tem- 
perature T a is substantially lower than in the first case described [56]. 

• Smarter Cut: here a reduced amount of the implanted hydrogen dose is needed 
for layer splitting, which optimizes the processing procedure considerably. This 

is achieved by co-implantation of hydrogen-trap inducing ions (e.g. boron) to- 

+ 2+ + z+ 

gether with hydrogen ions (H or H , D or D ) at the temperature of hydro- 
gen implantation (7/). This is followed by an anneal step to weaken the connec- 
tion between the implanted layer and the rest of the wafer. The “device ” wafer 
is direct bonded to an oxidized substrate wafer, and a final anneal step splits off 
the bonded monocrystalline layer from the rest of the ensemble [58]. 



1.10.6 Inspection 

Direct-bonded wafers, whether or not bond-strengthened, are normally inspected 
at the interface by infrared radiation and imaging. One step further is Lang topog- 
raphy, which is a more dedicated method, applying X-rays in a so-called Lang 
Camera. The advantage of Lang topography is that much smaller gaps or clear- 
ances between the bonded wafers can be made visible than by applying infrared 
transmission inspection. A clearance of less than 0.1 pm has been observed using 
Lang topography [59]. 

Patent Discussion-Point 

Almost all subject matter related to bonding and allied problems can be found in 
the patent literature. It sometimes becomes clear that a patent not only gives pro- 
tective rights for a restricted time, but it also makes something public. This is of- 
ten the starting point for new inventors, who then surpass the basic invention, 
sometimes with a far better idea. In this sense, a patentee is a protected giver for a 
scientific taker, who is stimulated to legally improve the finding of the “first and 
true” inventor! Smarter Cut seems to surpass Smart Cut! 
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1.11 Bonding Diversity 

If we put the technology of wafer bonding in chronological order, we can identify 
the following topics: 

1952 Thermo-compression bonding (main parameters: P, T); 

1961 Fusion bonding (main parameter: T); 

1963 Anodic bonding (main parameters: F, T); 

1975 Silicon-on-Insulator wafer bonding (main parameter: T), and 
1980 Anodic thermo-compression bonding (main parameters: F, P, T). 

In this set-up, thermo-compression bonding was the first example of wafer bond- 
ing to be applied, and we will treat it as such in this section, immediately followed 
by anodic thermo-compression bonding for completeness. Other bonding phe- 
nomena have been evoked by applying an inorganic interface, by bonding organic 
materials, and by still other bonding-promoting features. We will look at some of 
these aspects below. 



1.11.1 Thermo-compression Bonding 

As early as 1952, Hughes Aircraft Co. (USA) applied for a patent [60] with the in- 
correct title: “Monatomic semiconductor devices” (what was meant was: 

monocrystalline semiconductor devices) in which p-type and n-type semiconduc- 
tors are bonded by coalescence. The description says: 

“Coalescence is effected by applying pressure to the specimens perpendicular 
to their contacting interface and then heating the specimens to a value of tempera- 
ture, below the normal melting point of the semiconductor specimens, whereat 
coalescence of the specimens occurs immediately adjacent the interface 

In 1964 the Radio Corp. of America applied for a patent [61] for an improved 
method of forming physically and electrically isolated chips of semiconductor ma- 
terial, with an undisturbed surface suitable for active and passive devices formed 
therein. The method may be utilized to produce an array of chips of semiconductor 
material arranged in a predetermined pattern, each chip being electrically isolated 
from the other, which is particularly useful in the manufacture of integrated cir- 
cuits. A handling wafer is thermo-compression bonded to a circuit wafer with me- 
sas in it. A substrate-wafer part and a handling-wafer part are etched in successive 
steps, resulting in the wafer containing electrically integrated-circuit chips. Figure 
1 .20 shows a schematic view of the processing steps. 

It often happens that a novel method/technology begins on its own, with appli- 
cations following afterwards, developing into specialities. The Radio Corp. of 
America (RCA) applied thermo-compression bonding to the manufacturing of 
high-power, high-frequency transistors [62] in just this way. 
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Fig. 1.20. Schematic presentation of a thermo-compression-bonded silicon wafer-set (1964) 
to produce isolated chips in an electrically integrated way. From [61] 



High-tech applications followed. A negative differential semiconductor- 
resistance device, patented [63] by Licentia Patent- Verwaltungs-GmbH (Ger- 
many), was proposed, formed by two semiconductor elements with the same con- 
ductivity characteristic, bonded by thermo-compression, with at least three areas 

_2 

of contact with a diameter of less than 1x10 cm. By applying a voltage to the 
semiconductor elements, it generates an electric field which is greater than the 
breakdown field strength of the contact areas. Negative differential resistances re- 
sult from avalanche type carrier multiplication by means of collision, impact or 
field ionization, such as in a thyristor or in a tunnel diode. The temperature of the 
elements normally rises considerably due to these effects, adversely effecting their 
functioning. In the patented method, no substantial heating of the semiconductor 
takes place. 
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In a later patent [64] held by Hygratherm Electric GmbH (Germany), with the 
same inventor, the principle of the previous patent is applied to a thyristor formed 
by a p-doped and an n-doped wafer, both with a structure of parallel ridges and an 
opposite conducting-type layer. The two wafers are bonded under pressure and 
heated with the structured surfaces facing and rotated relative to each other under 
a 90° angle. In this way, the ridges cross and touch each other to form a pn- 
junction, resulting in a pnpn-layer sequence. Figure 1.21 gives a three-dimensional 
view of this set-up. 




Fig. 1.21. Thyristor set-up in three-dimensional view as derived from [64] 



Anticipation II 

The last two patents [63,64] have one and the same inventor, but also one and the 
same priority date. As we mentioned in Sec. 1.1, the period of no anticipation is 
one and the same calendar day. In cases where a first patent is thought to possibly 
anticipate a second one, or in other words, where the second contents is not “non- 
obviously ” related to the first one, both patents can be applied for on one and the 
same calendar day without any claimable anticipation. The final result is different 
for both patents: 

patent 1 : gives a negative differential resistance, and 

patent 2: gives a thyristor. 

Both are “new and useful ”, but the method of realization is comparable and com- 
patible. In this sense, the method of patent 2 (not the result) is more or less a logi- 
cal consequence of the method of patent 1 . The government patent officer might 
therefore have found patent 2 to be an obvious deduction from patent 1 . It may be 
for this reason that the patentee filed both patents on the same chosen date! A pat- 
ent *al 4y get round an anticipative escape! See also Sect. 1.17.2 (patent discussion- 
point) for another explanation. 
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1 .1 1 .2 Anodic Thermo-compression Bonding 

Anodic thermo-compression bonding is the latest (1980) in the F,P,T-bonding 
technologies series. Spire Corp. (USA) calls it electrostatic bonding [65] using an 
externally applied pressure. It relates to a method and an apparatus to bond a 
structure which consists, for example, of: 

- a vitreous layer, 

- a layer composed of a conductor, a semiconductor or a dielectric material. 

The structure is heated to a temperature above the annealing point of the vitreous 
layer. Pressure and an electric field are then applied, while maintaining the estab- 
lished temperature for a certain time. 

The processing is a method of full value in the range of bonding, while F,P,T- 
parameters are applied. 



1.12lnorganic-Atoms-Supported Bonding 

These methods are mainly meant to strengthen a bond at a reasonably low tem- 
perature. The contents of three such patents will be treated here: 

1. alloying and sintering of silicon wafers [66]; 

2. interdiffusion bonding [67], and 

3. boron-supported bonding of oxidized silicon wafers [68]. 

A bond between two silicon wafers can be considered to be a large synthetic 
grain boundary between two crystalline surfaces. When two silicon wafers are 
brought into a “mated” position, or in other words, in a face-to-face position, a 
sintered bond can be brought about by a coating of a material capable of alloying 
with silicon. The surfaces are clamped together and heated to a sintering tempera- 
ture. Bell Labs scientists successfully bonded [66] silicon wafers firmly together 
in this way. 

Interdiffusion is the phenomenon, whereby two metals which have a negative 
mixing heat, i.e. heat is released during diffusion, can be alloyed at relatively low 
temperatures. The metals considered have to be of very different sizes and have to 
have a very different mobility rate, so that the small atoms can diffuse into the 
fixed large atomic structure, firstly under release of heat and secondly under relief 
of tension. In the case of bonding silicon wafers the following is done: 

- the wafers are each coated with a thin layer of the relevant metal; 

- the coated wafers are fresh-polished to become bonding activated; 

- the coated, activated wafers are direct bonded, and 

- the direct-bonded wafers are annealed below 480°C [67]. 

This method was developed by researchers at Philips in the Netherlands to bond 
silicon wafers with finished integrated circuits, e.g. provided with electrical leads 
of an aluminium alloy (melting point 480°C). 
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Borosilicate glasses are low-temperature melting glasses and in this sense not 
applicable in high-temperature silicon/thermal silicon oxide processing. A way out 
is to apply a pure boron layer on top of a silicon oxide layer, as discovered by re- 
searchers at Philips (the Netherlands) [68]. The procedure is as follows: 

• Two oxidized silicon wafers are provided with a thin boron layer; 

• the boron layer is fresh polished up to the bonding-activated level; 

• the boron-activated layers are direct bonded, and 

• the boron-bonded oxidized silicon wafers are successfully treated in standard 
high-temperature silicon processing. 

A second experiment with this method but now applied to fused-silica wafers, 
shows that: 

• the boron diffuses into a thin layer of the fused silica and becomes transparent, 
i.e. it oxidizes and 

• there is no tension visible in the thin interfacial layer. 



1.12.1 Organic Materials and Bonding 

Solid organic materials have been bonded to inorganic materials, they have func- 
tioned as an interfacial sheet, and they have been direct bonded. We now give a 
few examples to illustrate this bonding theme. 

An organic thermoplastic resin with dielectric properties was bonded to a sub- 
strate material, e.g. a metal, a glass or a semiconductor, by bringing the plastic in 
contact with the substrate, applying an electric potential as well as heat [69]. 

More specifically, polyvinylidene fluoride was bonded to a substrate by a vari- 
ety of steps, including activation of the surface by plasma etching to cause the sur- 
face to wet the adhesive, used in the bonding process [70]. This method of bond- 
ing increases the bond strength without deteriorating the electrical properties of 
the organic material. 

Philips researchers (the Netherlands) investigated to what extent the principle 
of direct bonding was applicable to a gamut of organic solids [71]. To this end, 
Teflon (a trademark), i.e. polytetrafluorethylene, said to be the most inert material 
known, was spin-coated on a silicon wafer, spin-dried and bonded to a fused silica 
wafer in order to see what happened. Surprisingly, it does direct bond! A broad 
gamut of organic solids was later successfully bonded to: 

• fused silica, 

• silicon, and 

• the material itself. 



1.12.2 Bonding Potpourri 

A silicon wafer is thermally oxidizable to a certain degree (a few microns) in an 
asymptotic way, that is to say, the oxidizing reaction finally stops. In cases of light 
conduction of glasses, e.g. in relation to fibre-optic systems, a thickness of several 
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microns is desirable, which cannot or can hardly be realized by a thermal oxida- 
tion process. In such cases, direct bonding is an issue. Applying the principle of 
parallel and/or flat-positioned polishing, Philips researchers (the Netherlands) [72] 
showed that silicon wafers can be manufactured with fused silica layers of every 
required thickness on top. 



r Scintillator wafer 




Fig. 1.22. Set-up for an electron microscope to transfer a scintillator image via (a), a stan- 
dard situation, (b), an improved situation (c), a direct-bonded situation. From [74] 

One of the most curious combinations of materials to be bonded was an oxide 
superconducting material and a semiconductor with a sharp interface. Philips re- 
searchers (the Netherlands and Germany) managed to direct bond a high- 
temperature oxide superconductor, epitaxially grown on top of the (023) plane of a 
monocrystalline strontium titanate (SrTiOs) wafer, to silicon [73]. This invention 
was meant for the manufacture of superconductor-transistors, e.g. current- 
injection transistors and/or field-effect transistors. But to make an oxide supercon- 
ducting material direct bondable, required a major polishing effort [8]. 

At one time it was necessary to transfer an electron image, produced in an elec- 
tron microscope, into an image of visible light to be transported to a convenient 
detector [74]. To this end, a fibre plate for light transport was polished up to the 
direct bondable level, bondable to a wafer of a scintillator material. This also 
turned out to be a major polishing puzzle [8]. To prevent scattering at the interface 
the two surfaces had to be rigidly bonded, that is, direct bonded and annealed 
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without an intermediate layer and without a noticeable intermediate space. See 
Fig. 1.22 for a schematic representation of the desired goal. 

Finally, let us mention a bonding method patented by Nippondenso Co., Ltd. 
(Japan) for inorganic surfaces, e.g. having nitrogen atoms on the surface or termi- 
nated by hydrogen atoms, that is using an organic mid-layer [75]. This method, for 
example, requires neither a high temperature nor a high pressure to form a really 
tight bond. 



1.13Silicon-on-lnsulator (SOI) 

In 1961 Nippon Electric Comp. (Japan) applied thick silicon-on-insulator technol- 
ogy, bonded to silicon or silicon oxide [28], such that several semiconductor ele- 
ments were coupled together in a “unitary structure”. With thick SOI, the func- 
tionality of the material’s thickness is not involved in the active semiconductor 
materials property. 

Silicon-on-insulator technology, which we will now evaluate, has a different 
background, and basically concerns thin SOI. However, this type of SOI has a 
brief historical evaluation before bonding and thinning became an SOI topic: 

• SOI by zone-melting laser recrystallization: this has the disadvantage that it is 
not a wafer-scale process as we have already seen; 

• Separation by IMplanted OXygen (SIMOX): it has a high implant damage due 
to the high dose of oxygen required; 

• Lateral Solid-Phase Epitaxial Growth (L-SPEG): it has seeding and monocrys- 
tallinity difficulties; 

• Full Insulation by Porous Oxidized Silicon (FIPOS), which also has monocrys- 
tallinity difficulties. This is a candidate for layer transfer and SOI (ELTRAN, 
trademark), as we have already seen, and 

• Heteroepitaxial SOI, which has lattice and thermal mismatch restrictions. 

So, from the 1970s on, a larger range of technologies was evaluated for SOL At 
the same time, wafer bonding and thinning had emerged independently in three 
continents: America, Asia and Europe. We will now look in some more detail at 
the actions taken in these three geographically separated bonding/thinning areas. 



1.13.1 America (USA) 

As early as 1974 Westinghouse Electric Corp. applied for a patent [76] for SOI: a 
thin epitaxial layer bonded on pyrex glass. Their method consists of electrostatic 
(anodic) bonding of an epitaxial layer, grown on top of a highly doped sacrificial 
wafer, etched away after bonding, a so-called Bond and Etch back SOI process: 
BESOI. This patent made Westinghouse a forerunner in SOI by bonding and thin- 
ning! 




Historical Patent Picture of the Contact Bonding 35 



The following year, Intel Corp. also patented [77] a BESOI process, but now 
the substrate wafer was an oxidized silicon wafer and not pyrex glass. Both the 
device wafer and the substrate wafer had been thermally oxidized. The bonding 
was executed either by anodic bonding or by fusion bonding. 

Almost a decade later, AT & T Bell Labs applied for a patent [78] to produce 
dielectrically isolated devices by anodic bonding. Here, the oxidized surfaces to- 
be-bonded are pre-treated so as to have hydroxyl groups (called OH-moieties) to 
promote bonding. Stacking of isolated wafers is also mentioned for vertical inte- 
gration, another form of thick SOI. 

International Business Machines Corp. (IBM) was rather active in this field in 
the 1980s and 1990s. We will describe four of their patents below. 

• Thin SOI is realized by implanting oxygen or nitrogen into the device wafer at 
such a rate that it can function as an etch-stop layer in a BESOI process [79]. 
The etch-stop layer itself is etched by a non-selective etch. The aim of this in- 
vention is to have a thin SOI layer which is substantially uniform in thickness 
due to the uniformity of the implantation depth. 

• To improve the uniformity of an SOI-layer further, a polishing-stop-layer is ap- 
plied in the form of a specific metal, deposited in a structural distributed way 
[80]. Polishing-stop, lift-off processing, etch-stop and selective etching are in- 
corporated in this procedure. 

• The next step was to provide a novel thinning process for SOI-bonded wafers 
without the application of wet silicon etch-back techniques [81]. Two silicon 
layers are applied, each having different etch characteristics. The sacrificial part 
of the bonded SOI-layer is mechanically removed and the rest is removed by a 
selective low-energy dry-plasma etch process. 

• Smoothness and uniformity of the SOI device-layer are further improved by 
applying both the implantation process of Smart-Cut (trademark) as well as an 
etch-stop layer, so that after splitting off the main body of the Smart-Cut wafer, 
a selective wet etch stops at the stop-layer which is removed by a second 
etchant, and which does not appreciably attack the remaining part of the said 
SOI device-layer [82]. 

Standard annealing is a reasonably prolonged process which has largely been 
surpassed by Rapid Thermal Anneal. Harris Corp. applied the latter in thin SOI 
[83] in order to achieve two advantages: one processing advantage, that it is less 
time-consuming, and one physical advantage, that it minimizes the redistribution 
of the doping concentration. 

Once again a novel etch-stop layer was being investigated. The USA Secretary 
of the Navy patented [84] a Sii- x Ge x alloy layer as a selective etch-stop, after 
which the strained etch-stop layer is removed by a non-selective etch, such as wet 
chemical etching. 

No patentee was mentioned for the next patent, and the inventors are one per- 
son from America and one from Germany. So, they already form a bridge from 
America to Europe. The patent concerns an etch-stop layer; in this case carbon 
ions are implanted in the device wafer before bonding, functioning as an etch-stop 
for wet chemical etching. Carbon has a valency equivalent to that of silicon; the 
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carbon can be and is left in the silicon and does not need to be etched. This is a 
one-step etch process [85]. 



1.13.2 Asia 

So far, we have discussed thick and thin SOI, which exclusively have a wafer- 
broad homogeneous insulating layer. Toshiba (Japan) patented an inhomogeneous 
(i.e. distributed) thick SOI-layer application [86}. Figure 1.23 gives examples of 
how it can be advantageously applied. 






Fig. 1.23. Three examples of contact-bonded, distributed thick SOI (1984): (a) an isolated 
region, (b) a filled-hole isolated region, and (c) a p-doped region down to the insulator in an 
n- surrounding. From [86] 

SOI, with a (100) plane device layer and a (111) plane substrate, separated by 
an insulating layer, was one of Toshiba’s next inventions [87]. Its primary aim 
was to suppress the warp of the finished SOI wafer, and its secondary aim was to 
remove a peripheral portion of the resultant substrate. A substrate of a slightly 
smaller size is therefore obtained, which is provided with an additionally ma- 
chined, new orientation (principal) flat. The size shortening is done to prevent a 
damaged peripheral section. 
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Wafer manufacturers often have other aims than researchers, as we have al- 
ready seen. Shin-Etsu Handotai Co. (Japan) has used warp to flatten final SOI wa- 
fers [51]. In another patent [88], they have managed to treat the peripheral area of 
an SOI wafer in such a way that a polishing guard is provided. This guard primar- 
ily has a polishing-mastering function, but also a chip-prevention one. Figure 1.24 
shows a schematic representation of the processing procedure. 

The same company has invented an SOI processing procedure to obtain a very 
high thickness uniformity of the SOI layer, as well as process simplification and 
processing-cost reduction [89]. To this end, a fixed positive electrical charge is in- 
duced (by X-ray radiation) in the silicon oxide film to form an n-type inversion 
layer in a p-type silicon device wafer. The sacrificial wafer part is thinned by 
chemical etching while applying a positive voltage to the bonded p-type silicon 
device wafer. In this way, an etch-stop is brought about at an interface between a 
depletion layer including the n-type Si0 2 inversion layer and the p-type semicon- 
ductor device layer. An anneal step above 1000°C can be used to reduce or annihi- 
late the fixed positive charge in the Si0 2 layer. 



Bonded interface 




^ First polishing step 




Second polishing step 




Fig. 1.24. Schematic presentation of a peripheral polishing guard and anti-chipping means. 
From [88] 



1.13.3 Europe 

Sometimes great things rely on much smaller ones! In the early 1980s Philips re- 
searchers in the Netherlands were asked to manufacture a special kind of tunable 
Fabry-Perot interferometer, to be applied in medical X-ray recording. Tunable 
Fabry-Perots at Philips were fabricated in the 1960s [17,18], but in this case the 
cavity length had to be very small, smaller than a micron, and the optical mirrors 
had to be perfectly parallel. 
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To master a short minimum distance, let us say a quarter of a micron, a thin in- 
dium-tin-oxide (ITO) layer (a transparent electric conductive layer) was deposited 
in this set-up onto a substrate to be direct bonded to a second optical element. But 
direct bonding of a deposited layer (by sputtering or by evaporation in vacuum) 
proved to be impossible. Everything was tried to make it direct bondable, but in 
vain. Then someone proposed that the ITO layer be briefly chemomechanically 
polished (for a few minutes), and surprisingly that ITO-layer was direct bondable 
to a fused-silica flat body! It was a simple trick but still extremely useful in realiz- 
ing the sketched tunable Fabry-Perot interferometer [90,91] for an X-ray display 
device. But this was also a “trick of the trade ”, which was called: fresh-polishing, 
bonding-activating polishing. The basic invention is that the geometrical parame- 
ters are not changed during the short polishing period, but the surface state (finish) 
does change, i.e. the smoothness of the surface increases considerably. Further- 
more, by implication, this is where chemomechanical polishing in a clean-room 
surrounding began (1982)! 

Following this basic invention, many materials were investigated at Philips Re- 
search [8]. SOI was a hot topic from the early 1980s, with some initial hiccups, 
but later on very successful. So, in 1985 a patent [92] was applied for, concerning 
the manufacturing of a semiconductor (thinned via etching) direct bonded to an in- 
sulated substrate, which could be an oxidized silicon wafer (thus concerning SOI), 
but could also be any number of another active or passive materials, receiving as a 
basic processing step before bonding: a bonding-activating operation by a clean- 
room wafer-polishing step. 

Materials which are destined to be bonded to silicon and which are mentioned 
as substrates in the patent, may have: 

• both electrical insulating properties and active bulk properties; 

• active bulk properties like magnetic, piezoelectric, photorefractive and electro- 
optical properties, 

• electrically insulating properties, layerwise active properties and properties for 
producing static-magnetic surface waves, and 

• layerwise active properties including generation of acoustic surface waves. 

With this aim, a broad gamut of materials, active and passive, insulating, con- 
ducting, semiconducting, etc. were investigated in relation to direct bondability. 
This involved about a decade of intensive investigations to optimize the surface 
state of the materials concerned up to the highest level; and the highest level was 
the direct-bondable level. In this respect a seemingly insignificant process (fresh- 
polishing) has resulted in the establishment of a greater number of bondable mate- 
rials and layers (see [8])! 

In Sect. 1.10.5 we discussed the topic “Thinning by Layer Transfer”, and we 
mentioned Smart-Cut as a basic invention [56] by a European researcher from the 
Commissariat a l’Energie Atomique (France). This describes thin layer splitting 
from a support body, realized by adequate ion-implantation and relevant anneal- 
ing. It is a semiconductor-compatible process without a sacrificial support body; 
that is to say, the support body can be applied several times for the same purpose. 
In this sense it is certainly a cost-effective process. Refer to the above-mentioned 
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section for more details and its consequences as investigated in another research 
group in Europe (Germany). 

Anticipation III 

In the spring of 1985 a Philips researcher (in the Netherlands) drove home one 
evening, thinking about SOI and the recent surprising results of SOI by direct 
bonding and thinning. A communication about the relevant inventions had already 
been sent to the Philips Corporate Intellectual Property (CIP) department, but 
without any written reaction. Suddenly the researcher started to worry about that 
situation. While driving he wondered whether a patent attorney in some far off 
country might have received a similar application and have taken immediate ac- 
tion. His unease increased still further. 

The next morning he phoned the responsible patent attorney and told him of his 
worries. The patent attorney simply replied: “ For the time being, I’m afraid I can- 
not help you That was the end of the story, so he thought. However, the attorney 
said one thing but did another. Ten days later the same attorney arrived at the of- 
fice of the researcher, and handed him a first draft of a patent application for the 
relevant invention. The researcher immediately checked the draft, giving com- 
ments and advice, and returned it to the patent attorney in no time. A few days 
later it [92] was brought to the official (government) Patent Office in the Hague, 
by taxi. It was June 20, 1985, the priority date of the patent application. 

A few years later, a European patent application [93] by Toshiba (Japan) ar- 
rived on the desk of that same researcher, entitled: Method for manufacturing a 
semiconductor device having an element isolation area ! Figure 1.25 shows the 
parallelism of that part of the patents [92,93]. The foreign priority date was June 
21, 1985! If Philips had been one day later, or Toshiba one day earlier, both pat- 
ents would certainly have been granted! 

This time Philips obtained the patent rights worldwide and Toshiba had to 
withdraw its application. But things don’t always turn out that way! See Anticipa- 
tion I (Sect. 1.10.1). 



1.14 Some SOI Topics 

The mainstream SOI discussed so far, is fiill-wafer SOI. In addition to this, there 
are application areas where distributed-insulating SOI or isolated-pocket SOI are 
applied. We will briefly discuss these two types in the following subsections. 



1.14.1 Distributed-lnsulative SOI 

In the first instance, thinning was performed by wet-chemical etching of an etch- 
able silicon layer. This etching process is a reasonably lengthy process and the 
uniformity in the final thickness of the thin SOI layer cannot always be fully guar- 
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anteed. To avoid these drawbacks, measures have to be taken to etch the highly- 
doped sacrificial part of the device wafer using faster electrochemical electric- 
field-stimulated etching, after grinding the main portion of the sacrificial wafer 
[94]. To this end, a fully oxidized wafer is locally etched down to the silicon body. 
The wafer is then provided with a polycrystalline silicon layer, thicker than the ox- 
ide layer, and polished onto the silicon oxide layer, which serves more or less as a 
polish stopper. On top of this, a device wafer is direct bonded and bond strength- 
ened. An electrical contact can then be made on the back side of the substrate wa- 
fer in order to achieve an electrochemical etching process. 



Toshiba 
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Fig. 1.25. Comparison of an SOI element applied by Toshiba (June 21,1985) as well as by 
Philips (June 20,1985): (a) Toshiba design, (b) Philips design. From [92] and [93] 



Figure 1.26 gives an example of a bonded wafer pair before thinning using the 
mechanical/electrochemical thinning procedure. 

A second example of local SOI is based on the polish-stop-layer principle [95]. 
Recesses are etched in the device wafer, and the full wafer is coated with an insu- 
lating polish-stop layer. The structured wafer side is provided with a polysilicon 
layer, thicker than the depth of the recesses. This wafer side is polished to the pol- 
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ish-stop layer down to the recesses, which are now flat-filled with polycrystalline 
silicon. An oxidized silicon substrate is direct bonded onto this wafer surface and 
bond strengthened. Finally, the device wafer is ground and chemomechanically 
polished down to the polish stop at the bottom of the (now inverted) bottom of the 
recesses. The thickness of the thin SOI layer is therefore exactly determined by the 
depth of the recess and the thickness of the polish-stop layer. Figure 1.27 gives a 
representation of a three-dimensional SOI set-up, realized by the method de- 
scribed above. Both inventions are from Philips Research in the Netherlands. 



Polish -stop layer 

f Pplycrystalline conducive Si 




Bonded interface 




Fig. 1.26. Distributed- insulative SOI, prepared for mechanical grinding and electrochemical 
etching of the sacrificial part of the SOI wafer. From [94] 
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Fig. 1.27. Distributed-insulative SOI, applying a polish-stop for a thin thickness-mastered 
silicon SOI layer. From [95] 
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1.15 Isolated-Pocket SOI 

Double wafer bonding, i.e. twice wafer bonding, was applied by Harris Corp. 
(USA) to form a high-quality, dielectrically isolated SOI semiconductor device 
[96]. It is said that the invention specifically eliminates the need for grinding or 
polishing the final surface, in which the devices will be implemented, thereby 
eliminating the adverse effects which these mechanical effects impose on these 
surfaces. Curiously enough, chemomechanical polishing has the great advantage 
of being a damage-free polishing technology. But the removal rates for silicon and 
silicon oxide are rather different, so non-uniformity of the final layer might result, 
if there is a longer polishing period. Other advantages of their method are men- 
tioned. Figure 1.28 represents a set-up achieved by the double-bonding process. 




Fig. 1.28. Isolated-pocket SOI, wherein the top insulation layer functions as a masking- 
layer for further processing. From [96] 

Another wafer bonding process is presented by a patent of Siliconix Inc. 
(USA), whereby semiconductor islands are electrically isolated from each other, 
while some islands are also isolated from the substrate as an isolated pocket [97]. 
Figure 1.29 shows an obtained result. 

The first patent of an invention does not always cover completely the desired 
goal! In 1988 Nippon Soken Inc. (Japan) applied for a patent [98], including an 
isolated pocket, called “a region which has been insulatedly isolated from the 
rest”. It concerns a proposal and fabrication method using direct bonding to com- 
bine a vertical-type power element, where the back surface of the semiconductor 
substrate is used as a current passage, besides a pocket-isolated logic circuit. 

In 1 990 a similar patent [99] was applied for by the same company, but not ex- 
actly the same inventors. The goal was the same, as was the process, except for 
one step: a preventive or removal step of potential damage from comers of the 
groove and/or recess; the famous bird’s beak problem. For the definite element see 
Fig. 1.30. 
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Fig. 1.29. Isolated-pocket SOI and pocket connected to substrate composition. In (a),(b),(c) 
are some non-logical features designed, but the final meaning is clear. From [97] 
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Fig. 1.30. Isolated-pocket SOI besides vertical power device in one chip. From [99] 










44 J. Haisma 



Patent Discussion-Point: A Warning 

These two “associated” patents [98,99] show a most curious effect, as well as be- 
ing a reminder for future inventors. The first patent is almost certainly a research- 
desk patent, so it is a paper-patent product. The second patent is probably the re- 
sult of several years of phenomenological research to conveniently solve the prob- 
lem at hand. Thorough measurements and investigations must have shown that a 
bird’s beak was an inevitable obstruction. 

Here the goal of the first patent was “the father of the thought ”; the second pat- 
ent was “the fire-fighting appliance of the fire”. In this case the fire was extin- 
guished internally, but what if it had been done externally, i.e. by a third party, and 
if it had been “patented” by that third party? 



1.16 Semiconductor-on-Semiconductor Wafer Bonding 

When compared to epitaxial growth, contact bonding has a few specialities. The 
monolithic bond is not lattice-constant dependent, but instead thermal-mismatch- 
dependent. Therefore, more-or-less dilatation-matched materials can advanta- 
geously be combined, such as compound semiconductors. Moreover, similar mate- 
rials, with different doping concentrations or doping types, can be joined and, de- 
pending on the diffusion coefficients of the dopants and the temperature budget 
applied, sharp doping profiles can be made. Patent literature gives several exam- 
ples of these types of semiconductor-on-semiconductor wafer bonding. We will 
briefly describe a few of them in the following subsections. 



1.16.1 Compound-Semiconductor Bonding 

In an early stage (1985) Toshiba (Japan) patented [100] a method of manufactur- 
ing a compound-semiconductor device by bonding two compound-semiconductor 
wafers and bond strengthening by annealing. A bonding between different types of 
compound semiconductors, which have different band gaps, can be realized as a 
heterojunction to various semiconductor elements. The compound-semiconductor 
pairs mentioned are: GaAs/InP; ZnS/GaAs; InP/InSb; GaP/InP and CdS/InP. In 
these combinations, thermal-mismatch restrictions are respected, given the fact 
that the temperature budget of these material combinations is in the comparatively 
low-temperature region. In this way, elements can be manufactured which have a 
high-speed, high-breakdown voltage characteristic, and are well-suited for effi- 
cient solar cells and photodiodes. Figure 1.31 gives an example of a static- 
induction transistor as described in the above-mentioned patent. 
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1.16.2 Doping/Interface Engineering 

In power semiconductor devices, Toshiba (Japan) improved the characteristics by 
high concentration doping, bonding and annealing [101]. The following procedure 
is indicated for silicon: 

• a first silicon wafer is of a first conductivity type (n or p); 

• a second silicon wafer is of a second conductivity type (p or n), with an ion- 
implanted layer; 

• the doping concentration in the first wafer is considerably higher than that in 
the second wafer; 

• the wafers are bonded and bond strengthened by annealing in such a way that: a 
fusion layer is formed from the high doping of the first wafer into the second 
one, forming a pn-junction in the second wafer. 

The pn-junction characteristics can be improved considerably in this way; exam- 
ples of the improvements are given in the patent. 





Fig. 1.31. Compound semiconductor static-induction transistor. From [100] 

Another experiment of doping engineering at the bonded interface is given by 
Philips researchers in the Netherlands. It is well known from silicon technology 
that wafers are found to be doped by an initial doping concentration of boron, the 
origin of which is unknown. This boron contamination profile is measured in mo- 
lecular-beam-epitaxial growth experiments, for example, and is found at the inter- 
face of the epitaxially grown layer/substrate. The following procedure is proposed 
to conveniently overdope such a boron diffusion into the boundary layer at the 
bonded interface by annealing: 

• a first doped n-type silicon wafer (e.g. doped with phosphorus) is obtained from 

a silicon rod drawn from the melt; 
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• a second doped n-type silicon wafer is obtained with a higher doping concen- 
tration than the first one, having a first impurity doping of phosphorus and a 
second one of antimony or arsenic; 

• the antimony (arsenic) doping is greater than the phosphorus doping; 

• bonding and bond strengthening the wafer pair is executed by annealing so that: 

1 . the phosphorus first doping is diffused from the second silicon wafer into the 
first silicon wafer to form a boundary layer within the first wafer, having a 
doping concentration higher than the doping concentration elsewhere in the 
first wafer; 

2. the second dopant impurity (antimony or arsenic) diffuses into the boundary 
layer more slowly than phosphorus in order to provide a steep doping- 
concentration profile between the wafer pair. 

This principle can be applied in bipolar power devices, with a comparatively high 
switching speed as well as a low forward bias [102]. 

A final example from Philips Research in the United Kingdom and the Nether- 
lands, concerns the manufacture of a static-induction transistor, where an electrical 
contact is made to a buried gate layer at the bonded interface to enable a bias volt- 
age to be applied to control the charge carrier path. This was realized by etching a 
recess through the first or second silicon body to define a mesa-structure-exposing 
part of the static-induction transistor [103] (see Fig. 1.32). 




Fig. 1.32. Static-induction transistor, having a low resistance path through a bonded wafer 
pair. From [103] 




Fig. 1.33. Pressure sensor of the sandwich type (1977). From [104] 



In this way, a rectifying junction is formed at the first major surface, which can 
easily be contacted and may provide a relatively low resistance path. Here use is 
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made both of dopant-profile engineering as well as the fact that one of the wafers 
has recesses, and therefore can have an internal electrical impact on the function- 
ing of the device. 



1 ,17 Sensor Technology 

Anodic as well as fusion wafer bonding is abundantly applied in silicon sensor 
technology. There are two main technological categories: 

• sensors in a sandwich construction, and 

• sensors in an open-diaphragm construction. 

A few examples of both will be given in the following subsections. 



1.17.1 Sandwich Construction 

An early example (1977) of a sandwich construction was patented [104] by P.R. 
Mallory & Co., Inc. (USA) as a silicon type pressure transducer based on the pie- 
zoresistive effect, to be applied in fluids, for example, especially where remote 
and sensitive monitoring means are required which must occupy a relatively small 
amount of space. Figure 1.33 shows a representation of the sandwich construction 
of this sensor, where joining of two well-prepared wafers is executed by anodic 
bonding. It is emphasized that, in this way, a plurality of sensors can be manufac- 
tured in a batch process. 

A second example concerns an electromechanical sensor that comprises a reso- 
nant element [105] which can measure acceleration, viscosity, fluid flow and pres- 
sure (Schlumberger Industries Inc., USA). The two wafers are fusion bonded, one 
completely thinned and the other locally at the resonating regions. 

A high pressure piezoresistive pressure transducer was patented [ 1 06] by Kulite 
Semiconductor Products, Inc. (USA). It has a substantially linear pressure versus 
compressive stress output over its full range of operation. In this set-up at least 
two sensing elements are formed, being part of a Wheatstone bridge. The im- 
provement of this sensor is accomplished through careful selection and crystallo- 
graphic orientation of sensor materials, and by placing one of the sensing elements 
above the deflecting-diaphragm region, and the other above a non-deflecting- 
diaphragm region, so that even at high pressure, one gauge undergoes a negative 
change in resistance and the other a positive one. Fusion bonding is again applied 
to join the two well-prepared silicon wafers. 



1.17.2 Open-Diaphragm Construction 

A silicon diaphragm pressure transducer of the open- structure type was patented 
[107] by Becton Dickinson and Co. (USA), of which Fig. 1.34 gives an example. 
The wafers are joined by a two-step diffusion technique: a borosilicate-glass layer 
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is deposited on top of one of the wafers, the wafers are joined and initially bonded 
at 850°C under slight pressure, somewhat above the melting temperature of boron 
oxide; in the following anneal step at 1035°C the boron oxide is diffused into the 
silicon oxide of the second wafer. It is said that the invention is particularly advan- 
tageous due to the ease of fabrication, which reduces the costs of the transducer. 

A more recent example of a pressure sensor of small dimensions, with im- 
proved accuracy and reliability, was patented [108] by Lucas Novasensor (USA). 
It concerns a differential pressure sensor, fusion bonded, and with a reasonably 
simple structure. 



Bonded interface r Si-gauge layer 




\ Open diaphragm 



Fig. 1.34. Pressure sensor of the open-diaphragm type (1981). From [107] 



Patent Discussion-Point 

In 1981 United Technologies Corp. (USA) applied for a patent [109] entitled: 
“Ultra-thin microelectronic pressure sensors ”. Well-prepared wafers are anodic 
bonded at a suitable temperature in a vacuum, thus realizing a sandwich- 
construction type pressure sensor. 

In 1983 the same patentee made a divisional application for the same patent 
[110] with the same formulation and description except for the claims. The first 
patent has two extended claims, describing a method to realize the desired sensor. 
The second patent has only one claim, describing the device which has been 
manufactured using the method from the first patent. 

American patent law demands that a category to claim be “ elected 9 ': it can be a 
“method” or a “product”, but not both in one and the same application. 

Once a “method” has been chosen, there is an implied right to apply separately 
for a “device”, using the “method” already claimed. This is considered to be a 
“divisional” application of the first patent application. The divisional application 
has to be applied for before the first patent application has been granted. 

In Europe, on the other hand, both a “method” to produce and a “product” to 
be sold, can be incorporated in one and the same patent application. This is a more 
cost-effective method for the patentee to acquire industrial property rights. 
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1.18 Medical Applications 

Pressure monitoring in a small volume by measuring piezoresistive changes, as 
described in the previous section, is also applied in medical operations and ac- 
tions. But the medical sensors, devices and appliances considered here go one 
technological step further. They combine semiconductor, actuator and possibly 
even glass technologies. Actuating properties are often evoked by piezoelectric 
means. In such cases, microelectromechanical devices (MEMs) reach a high level 
of perfection. We will describe a few examples below. 



1.18.1 MEMs 

In 1988, J.G. Smits from the USA (no patentee mentioned) patented an invention 
[111] under the title: “Piezoelectric micropump with microvalves ” . This micro- 
pump can be used to pump both liquids and gases. The body of the pump and the 
valves are manufactured in silicon and in glass, while the valves contain piezo- 
electric material which allows opening and closing of the valves electrically. This 
is a clear-cut example of the optimization of the materials’ properties. Anodic 
bonding is applied. 

In the same category, J. Joswig (no patentee mentioned) from Germany applied 
for a patent [112] in 1991 for a valve for micromechanical dosing devices. This is 
not the place to give a full description of the valve, but it is a rather ingenious 
element wherein opening of the valve, suction, closing of the valve, pushing of the 
liquid (or gas) are executed step by step. This is a real example of a high-tech mi- 
cromechanical approach in silicon technology. 

Instrumentarium Corp. (Finland) invented a method of fabricating micro- 
machined gas-filled chambers. They can be made from silicon and/or glass wafers 
using anodic and/or fusion bonding techniques. The elements can be applied in 
optical transducers to identify and measure the constituents of anaesthetic and 
breathing gases [113]. 




Fig. 1.35. Inhaler with ultrasone wave nebuliser (1998). From [114] 

A most ingenious device [114] was applied for at the European Patent Office 
by Microflow Engineering SA (Switzerland): an inhaler with an ultrasonic-wave 
nebulizer. It is basically a drug administration device for atomising a liquid. The 
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element is constructed for the optimal flow of the atomized substance and for 
minimal retention of the substance in the spray device after expelling, so that even 
a precisely determined quantity can be expelled. It is said to be simple, reliable in 
manufacture, small in size and low in cost. A basic set-up is shown in Fig. 1.35. It 
contains a means of vibration which creates a standing- wave pattern in the liquid 
substance. The outlet is arranged such that the outlet nozzles are superposed on the 
vibration-mode peaks of the standing-wave pattern. This is a clever solution which 
gives a minimal retention of the liquid and an optimal flow. Anodic bonding is 
applied if the top-wafer consists of silicon. 



1.18.2 Vacuum and Ultrahigh-Vacuum Bonding 

In 1930 the first experiments of vacuum bonding were published by the Russian 
scientist J.W. Obreimoff [6] on mica (i.e. muscovite), and he ahd already discov- 
ered that the same force was necessary to make a fresh split or a vacuum-bonded 
one. 

This topic has recently (1995) been reinvestigated by the Max-Planck-Halle 
group (Germany), and they have definitively proved that well-prepared, contact- 
bonded silicon wafers consist of covalent surface bonds. But this is exactly what 
happens bindingly in heteroepitaxial atom-by-atom growth. So, bonding and het- 
eroepitaxy meet each other here in a monolithic way; such bonding has been 
called crystallographic bonding (see [8]). 

In a vacuum, surface modifications of the surfaces to-be-bonded can be evoked, 
which is another feature of vacuum bonding and plasma bonding. We will now 
describe a few examples of these intriguing topics. 

1.18.3 Surface-Modified Vacuum Bonding 

A plasma-bonding patent has recently (1993) been applied for [115] by Nippon- 
denso Co., Ltd. (Japan) to realize contact bonding in a vacuum by means of hy- 
drogen bonds between hydroxide groups adsorbed on the surface of one body and 
oxygen atoms on the surface of the other body. The bonding manipulation is exe- 
cuted in a vacuum chamber at room temperature under a low pressure. It is said 
that the basic reason for this patent is that, without precautions, bonding normally 
has a sufficiently high tensile strength in the direction perpendicular to the bond- 
ing surfaces due to hydrogen bonds, but the strength is very weak in the direction 
parallel to the bonding surfaces due to adsorbed water molecules. The hydrogen 
bonds are therefore continuously moving and not fixed in a certain place. Exten- 
sive pre-treatments of the wafers are therefore carried out in a cleaning step, a hy- 
droxide-group surface-adsorbing step and a bonding step, all of which take place 
in a vacuum. Basically, the surfaces-to-be-bonded are chemically modified in such 
a way that a single hydrogen-bond layer results between the two wafers. The lat- 
eral sliding force has thus been switched to the hydrogen-bond level. This is a 
most interesting, high bond-strength approach. 
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A low-temperature, in situ , plasma-activated wafer-bonding apparatus and 
method was patented [116] by Silicon Genesis Corp. (USA). The method pre- 
cludes rinsing of the surfaces after placement in a vacuum chamber, but allows for 
variation in ultimate pressure, plasma-gas species and backfill gases. The resulting 
bonded materials are free from macroscopic and microscopic voids, and the initial 
bond is much stronger than that realized by conventional bonding techniques. The 
method constitutes a dry bonding process. The plasma treatment activates the sur- 
faces for treatment at room temperature: it creates hydrophilic surfaces. A rea- 
sonably low anneal step (100°C) after bonding finalizes the process. 



1.18.4 Ultrahigh-Vacuum Bonding 

In the 1960s and 1970s, extensive experiments were carried out in ultrahigh vac- 
uum: epitaxial growth in many variants and even contact bonding. Sanders Asso- 
ciates, Inc. (USA) applied for a patent as early as 1964 [117] for ultrahigh-vacuum 
bonding of silicon wafers in order to create as sharp a pn-junction as possible. The 
bonding process in this patent is called a vacuum-welding process. This was an 
important patent for crystallographic bonding, although the patentee probably did 
not realize it at that time. That particular notion dates from about thirty years later. 

It was under the sceptre of the Max-Planck-Gesellschaft zur Forderung der 
Wissenschaften e. V. (Germany) that the above-mentioned important step was re- 
vealed: well-cleaned wafer surfaces constitute a crystallographic bond in ultrahigh 
vacuum, as mentioned earlier. Under these conditions, cavities in semiconductors 
can be created which are basically free of foreign atoms, or even free of one single 
atom, if carried out correctly! This was patented [118] for applications in sensor 
technology, where the bonded interface needs an extremely high bond strength, in 
which case a covalent, monolithic type is highly desired. 



1.19 Patents’ Future 

In the framework of the various invention-prone disciplines, both granted patents 
and current patent applications are separated from future patent applications by the 
current state of the art. Future patents will therefore evolve from the present as a 
linear inventions-distributed front-line. Together they form the border in a front- 
line-field with a continuous stream of intellectual properties. 

The past has often been the teaching model for the future, and in this sense pat- 
ents play and will continue to play their own unique role. The future will be pat- 
ent-generative, while patents can be considered to be building-stones for the fu- 
ture. 

Innovations, discoveries, progress, and infrastructure, occur at all times in hu- 
man history. But in our human evaluation of progressive existence, the relevant 
inventive notions can be categorized into a few main themes at least. We will fin- 
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ish this chapter by enumerating and describing a few of them within a somewhat 
broader scope, some pointing more or less to the future. 



1.19.1 Model Functions from (Living) Nature 

These are basically simple notions, but they too had to be realized once. From 
early history to modem times, the course of events has given us many imitations, 
including the following: 

1 . a navigating vessel versus a swimming fish; 

2. a driven car versus a mnning quadruped; 

3. flying aircraft versus flying fowl; 

4. an electronic “stationary” memory versus a “versatile” human memory, and 

5. crystallographic covalent bonding in ultrahigh vacuum versus crystallographic 
twins found in minerals and in crystals, grown by humans. 

Man-made silicon crystals (although silicon is not a mineral found in nature) in a 
natural crystallographic composition and constitution, are also being constantly 
upgraded with respect to chemical purity, physical perfection, and even novel 
geometrical dimensions [32]. There are always new inventions in this area, and so 
this will not be the end. 



1.19.2 Challenge of Perfection 

Humanity’s efforts to improve existing situations are endless; let us mention a few 
examples. In order to efficiently master velocity and therefore distance, a gaso- 
line-driven carriage replaced an animal-drawn one. In electronics the diode, triode, 
penthode (tubes) have been replaced by semiconductor circuitry. Glueless bond- 
ing, such as direct bonding, fusion bonding and anodic bonding, have replaced 
cold welding, a lute, a solder. Technologically speaking, bulk silicon will one day 
physically come to an end. At that time, the question is: “Could silicon-on- 
insulator surpass bulk-silicon options , and how? ” If the answer could be in the af- 
firmative, perfection-relevant, contact-bonded SOI might one day have a brilliant 
future! 



1.19.3 The Wish-Dream Challenge 

The wish-dream challenge might, at first glance resemble wishful thinking; how- 
ever, it is of another quality. Health and liveability aims and also technological 
goals feature in this category. An example is a “singing chip ”, an integrated cir- 
cuit chip, with perhaps one hour of audio information stacked into it; a chip sim- 
ply to be put into an earphone. Other examples are radiation-hard semiconductor 
circuitry, chips with ever increasing higher-density integration, and dissipation- 
mastered three-dimensional chips. One step further in this sense is to try to make a 
direct-band-gap compositional material from indirect-band-gap semiconductor 
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ones. The question that arises here is: “Is it possible to make a novel lattice- 
twisted-tilted superstructure from an “ old crystal composition ” using direct bond- 
ing or contact bonding? What specific novel features could be evoked in this 
way? ” Refer to [8] for some more background information. 



1.19.4 Functionality Principle 

The functionality principle involves democracy and administrative basics, includ- 
ing government patent offices. It concerns further direct bonding as applied in: 
classical optics to prevent interfacial reflection (if the glass components have the 
same index of refraction); computer technology; sensor technology (whether or 
not fusion bonded); medical sensors (appliances to relieve life-threatening human- 
organ malfunctioning); and maybe, one day, three-dimensional contact-bonded in- 
tegrated circuitry for supercomputers if not hypercomputers. 

Bonding of optical components in extreme-ultraviolet lithography is a recent 
option. All materials absorb/reflect the relevant radiation, except some fluorides. 
In cases of a combination of radiation transmission and materials joining, direct 
bonding is a solution (probably the only one). This is the oldest technology where 
direct bonding has been applied, but is now the latest fashion! 



1.19.5 Serendipidity 

Serendipidity is a term derived from a story by the writer Walpole (1717-1797), 
who wrote the “ Three Princes of Serendib ” (Serendib = Sri Lanka, the former 
Ceylon). It means discoveries of unforeseen events, circumstances, possibilities, 
feasibilities, having the quality of real novelty. Let us mention a few of these from 
the past. 

• Electricity, not discovered as such, but sensed, in Nerac (France) in the 18th 
century by creating sparks in the air when flying a kite during a thunder-storm; 

• Optical contact, discovered by Sir Isaac Newton (1642-1727) as a black (i.e. 
reflectionless) spot as soon as he brought a flat and a convex surface of a prism 
in face-to-face contact. Later on it was shown that this was actually the first 
step in the direction of a glueless bond, a joint of two solid bodies under ambi- 
ent conditions: direct bonding; 

• Laser: Light Amplification by Stimulated Emission of Radiation suggested by 
Albert Einstein (1879-1955), proposed in 1916/1917 and successfully realized 
in the second half of the last century. This has led to the maser, the laser, the 
long gas laser, the short stable gas laser with direct bonded optical flats, the di- 
ode laser, the Compact Disc (CD) and the Digital Versatile Disc (DVD) as off- 
springs! 

Serendipitous discoveries are unforeseeable, and therefore unpredictable. They are 
the real surprises of the future; it is therefore impossible to anticipate them here. 

It must be said, however, that inventions normally do not arise from nowhere. 
There is often a forerunner-field, where a basic thought or novelty is “puzzled 
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out ”, based on a hinterland wherein it is fostered (evaluated). Or, expressed in 
more modem terms: relevant patents form a front-line, which resides somewhere 
at the cross-section of what has been invented and what has to be invented. We 
have encountered many such examples in this chapter. And this will never come to 
an end as long as the history of intellectuality continues to exist. So, all of us are 
invited to put our intellectual power into an inventive mode, to move the state of 
the art at least a personal step forward in the front-line-field of inventions. 
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of monocrystalline material to a desirable substrate; filing date: May 31,1997; pat- 
ented: Mar. 2,1999 

58. US Patent 6,150,239; U.M. Gosele, Q.-Y. Tong; Method for the transfer of thin layers 
of monocrystalline material onto a desirable substrate; filing date: Sep. 30,1998; pat- 
ented: Nov. 21,2000 

59. US Patent 5,007,071; M. Nakano, T. Abe; Method of inspecting bonded wafers; prior- 
ity date: Oct. 14,1988; patented: Apr. 9,1991 

60. US Patent 2,743,201; R.P. Johnson, P. Del Rey, R.G. Shulman, D.M. Van Winkle 
(where the name of D.M. Van Winkle was added later on); Monatomic semiconductor 
devices; application date: Apr. 29,1952; patented: Apr. 24,1956 

61. US Patent 3,332,137; D.M. Kenney; Method of isolating chips of a wafer of semicon- 
ductor material; filing date: Sept. 28,1964; patented: July 25,1967 

62. US Patent 3,355,636; H. Becke, E.F. Cave, D. Stolnitz; High power, high frequency 
transistors; filing date: Jun. 29,1965; patented: Nov. 28,1967 

63. US Patent 4,317,091; R. Dahlberg; Negative semiconductor resistance; priority date: 
Jul. 3,1979; patented: Feb. 23,1982 

64. US Patent 4,441,115; R. Dahlberg; Thyristor having a center pn-junction formed by 
plastic deformation of the crystal lattice; priority date: Jul. 3,1979; patented: Apr. 
3,1984 

65. US Patent 4,285,714; A.R. Kirkpatrick; Electrostatic bonding using externally applied 
pressure; filing date: Mar. 18,1980; patented: Aug.25,1981 

66. US Patent 2,701,326; W.G. Pfann, H.C. Theuerer; Semiconducting translating device; 
application date: Dec. 30,1949; patented: Feb. 1,1955 
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67. US Patent 4,948,029; J. Haisma, A.R. Miedema; Method of bonding two bodies; prior- 
ity date: Jun. 28,1988; patented: Aug. 14,1990 

68. US Patent 5,054,683; J. Haisma, G.A.C.M. Spierings, J.G. van Lierop, H.F. van den 
Berg; Method of bonding together two bodies with silicon oxide and practically pure 
boron; priority date: Sep. 12,1989; patented: Oct. 8,1991 

69. US Patent 4,022,648; P.T. Woodberry, D.G. Wilson; Bonding of organic thermoplastic 
materials; filing date: Feb. 7,1975; patented: May 10,1977 

70. US Patent 4,465,547; R.E. Belke Jr, R.A. Shirk; Method of bonding a poly(vinylidene 
fluoride) solid to a solid substrate; filing date: Sep. 29,1983; patented: Aug. 14,1984 

71. US Patent 5,580,407; J. Haisma, F.J.H.M. van der Kruis, G.A.C.M. Spierings; Method 
of bonding two objects, at least one of which comprises organic materials; priority 
date: Jul. 13,1993; patented: Dec. 3,1996 

72. US Patent 4,994,139; U.K.P. Biermann, G.A.C.M. Spierings, F.J.H.M. van der Kruis, 
J. Haisma; Method of manufacturing a light-conducting device; priority date: Aug. 
16,1988; patented: Feb. 19,1991 

73. European Patent Application 0,460, 763 A2; J. Haisma, F.J.H.M van der Kruis, P.F. 
Bongers, H. Passing; Method of manufacturing a superconductor device; priority date: 
Jun. 8,1990; published: Dec. 11,1991 

74. European Patent Application 0,655,424A1; J. Haisma, K.Z. Troost, J.J.C. Groenen, 
Th.M. Michielsen; Method of bonding two optical surfaces together, optical assembly 
thus formed, and particle-optical apparatus comprising such an assembly; priority date: 
Nov. 25,1993; publication date: May 31,1995 

75. US Patent 5,904,860; M. Nagakubo, H. Suzuki, T. Kurahashi; Method for direct bond- 
ing nitride bodies; priority date: Sep. 12,1995; patented: May 18,1999 

76. US Patent 3,902,979; R.N. Thomas; Insulator substrate with a thin monocrystalline 
semiconductor layer and method of fabrication; filing date: Jun. 24,1974; patented: 
Sep. 2,1975 

77. US Patent 3,997,381; D.R. Wanlass; Method of manufacture of an epitaxial semicon- 
ductor layer on an insulating substrate; filing date: Jan. 10,1975; patented: Dec. 
14,1976 

78. US Patent 4,501,060; R.C. Frye, J.E. Griffith, Y.H. Wong; Dielectrically isolated 
semiconductor devices; filing date: Jan. 24,1983; patented: Feb. 26,1985 

79. US Patent 4,601,779; J.R. Abemathey, J.B. Lasky, L.A. Nesbit, Th. 0. Sedgwick, S. 
Stiffler; Method of producing a thin silicon-on-insulator layer; filing date: Jun. 
24,1985; patented: Jul. 22,1986 

80. US Patent 4,735,679; J.B. Lasky; Method of improving silicon-on-insulator uniform- 
ity; filing date: Mar. 30,1987; patented: Apr. 5,1988 

81. US Patent 5,234,535; K.D. Beyer, L.L. Hsu, V.J. Silvestri, A.S. Yapsir; Method of 
producing a thin silicon-on-insulator layer; filing date: Dec. 10,1992; patented: Aug. 
10,1993 

82. US Patent 5,882,987; K.V. Srikrishnan; Smart-Cut process for the production of thin 
semiconductor material films; filing date: Aug. 26,1997; patented: Mar. 16,1999 

83. US Patent 4,771,016; G. Bajor, J.S. Raby; Using a rapid thermal anneal process for 
manufacturing a wafer bonded SOI semiconductor; filing date: Apr. 24,1987; patented: 
Sept. 13,1988 

84. US Patent 5,013,681; D.J. Godbey, H.L. Hughes, F.J. Kub; Method of producing a thin 
silicon-on-insulator layer; filing date: Sep. 29,1989; patented: May 7,1991 
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85. US Patent 5,024,723; U.M. Gosele, V.E. Lehmann; Method of producing a thin sili- 
con-on-insulator layer by wafer bonding and chemical thinning; filing date: May 
7,1990; patented: Jun. 18,1991 

86. US Patent 4,837,186; Y. Ohata, T. Kuramoto, M. Shimbo; Silicon semiconductor sub- 
strate with an insulated layer embedded therein and method for forming the same; pri- 
ority date: Aug. 31,1984; patented: Jun. 6,1989 

87. US Patent 4,878,957; Y. Yamaguchi, K. Watanabe, A. Nakagawa, K. Furukawa, K. 
Fukuda, K. Tanzawa; Dielectrically isolated semiconductor substrate; priority dates: 
Mar. 31, Jul. 14,1988; patented: Nov. 7,1989 

88. US Patent 5,032,544; T. Ito, Y. Nakazato; Process for producing semiconductor device 
substrate using polishing guard; priority date: Aug. 17,1989; patented: Jul. 16,1991 

89. US Patent 5,240,883; T. Abe, M. Katayama, A. Kanai, K. Ohki, M. Nakano; Method 
of fabricating SOI substrate with uniform thin silicon film; priority date: Dec. 27,1991; 
patented: Aug. 31,1 993 

90. US Patent 4,547,801; J. Haisma, C.L. Adema, J.M.M. Pasmans, J.H. Walters; Tunable 
Fabry-Perot interferometer and X-ray display device having such an interferometer; 
priority date: Mar. 24,1982; patented: Oct. 15,1985 

91. US Patent 4,810,318; J. Haisma, C.L. Adema, C.L. Alting, R. Brehm; Method of bond- 
ing two parts together; priority date: Sept. 8,1983; patented: Mar. 7,1989 

92. US Patent 4,983,251; J. Haisma, Th. M. Michielsen, J.A. Pals; Method of manufactur- 
ing semiconductor devices; priority date: Jun. 20,1985; patented: Jan. 8,1991 

93. European Patent Application 0,213,299; K. Kitahara; Method for manufacturing a 
semiconductor device having an element isolation area; priority date: Jun. 21, 1985; 
publication date: Mar. 11,1987 

94. US Patent 4,970,175; J. Haisma, J.E.A.M. van den Meerakker, J.H.C. van Vegchel; 
Method of manufacturing semiconductor device using SEG (silicon epitaxial growth) 
and a transitory substrate; priority date: Aug. 9,1988; patented: Nov. 13,1990 

95. US Patent 4,971,925; E.M.L. Alexander, J. Haisma, Th.M. Michielsen, J. van der Vel- 
den, J.F.C.M. Verhoeven; Improved method of manufacturing a semiconductor device 
of the “semiconductor on insulator” type; priority date: Jan. 9,1987; patented: Nov. 
20,1990 

96. US Patent 4,851,078; J.P. Short, G.V. Rouse; Dielectric isolation process using double 
wafer bonding; filing date: Jun. 29,1987; patented: Jul. 25,1989 

97. US Patent 4,851,366; R.A. Blanchard; Method for providing dielectrically isolated cir- 
cuit; filing date: Nov. 13,1987; patented: Jul. 25,1989 

98. US Patent 5,204,282; K. Tsuruta, S. Huzino, M. Katada, T. Hattori; M. Yamaoka; 
Semiconductor circuit structure and method for making the same; priority date: Sep. 
30,1988; patented: Apr. 20,1993 

99. US Patent 5,223,450; S. Fujino, M. Matsui, M. Katada, K. Tsuruta; Method of produc- 
ing semiconductor substrate having dielectric separation region; priority date: Mar. 
30,1990; patented: Jun. 29,1993 

100. US Patent 4,738,935; M. Shimbo, H. Ohashi, K. Furukawa, K. Fukuda; Method of 
manufacturing compound semiconductor apparatus; priority date: Feb. 8,1985; pat- 
ented: Apr. 19,1988 

101. US Patent 4,935,386; A. Nakagawa, K. Imamura, R. Sato, T. Hoshi; Method of manu- 
facturing semiconductor device including substrate bonding and outdiffusion by ther- 
mal heating; priority dates: Feb. 26, Dec. 28,1987; patented: Jun. 19,1990 
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102. US Patent 5,688,714; F.P. Widdershoven, J. Haisma, A.J.R. de Kock, A. A. van 
Gorkum; Method of fabricating a semiconductor device, having a top layer and a base 
layer joined by wafer bonding; priority date: Apr. 24,1990; patented: Nov. 18,1997 

103. US Patent 5,089,431; J.A.G. Slatter, H.E. Brockman, J. Haisma; Method of manufac- 
turing a semiconductor device including a static induction transistor; priority date: Oct. 
23,1989; patented: Feb. 18,1992 

104. US Patent 4,121,334; G. Wallis; Application of field-assisted bonding to the mass 
production of silicon type pressure transducers; filing date: Jan. 14,1977; patented: 
Oct. 24,1978 

105. US Patent 5,060,526; P.W. Barth, K.E. Petersen, J.R. Mallon Jr.; Laminated semicon- 
ductor sensor with vibrating element; filing date: May 30,1989; patented: Oct. 29,1991 

106. US Patent 5,614,678; A.D. Kurtz, A.V. Bemis, T.A. Nunn, A. A. Ned; High pressure 
piezoresistive transducer; filing date: Feb. 5,1996; patented: Mar. 25,1997 

107. US Patent 4,400,869; L.B. Wilner, H.V. Wong; Process for producing high tempera- 
ture pressure transducers and semiconductors; filing date: Feb. 12,1981; patented: Aug. 
30,1983 

108. US Patent 6,038,928; N.I. Maluf, J.R. Logan, G. van Sprakelaar; Miniature gauge 
pressure sensor using silicon fusion bonding and back etching; filing date: Oct. 6,1997; 
patented: Mar. 21,2000 

109. US Patent 4,426,768; J.F. Black, T.W. Grudkowski, A.J. DeMaria; Ultra-thin micro- 
electric pressure sensors; filing date: Dec. 28,1981; patented: Jan. 24,1984 

110. US Patent 4,463,336; J.F. Black, Th.W. Grudkowski, A.J. DeMaria; Ultra-thin micro- 
electronic pressure sensors; filing date; Jun. 24,1983; patented: Jul. 31,1984 

111. US Patent 4,938,742; J.G. Smits; Piezoelectric micropump with microvalves; filing 
date: Feb. 4,1988; patented: Jul. 3,1990 

112. US Patent 5,538,221; J. Joswig; Micromechanical valve for micromechanical dosing 
devices; priority date: Nov. 23,1991; patented: Jul. 23,1996 

113. US Patent 6,124,145; G. Stemme, E. Kalvesten; Micromachined gas-filled chambers 
and method of microfabrication; filing date: Jan. 23,1998; patented: Sep. 26,2000 

114. European Patent Application 1,005,916; J. Hess, H. Bo, R. Weber, I. Ortega, C. Bar- 
raud, N.F. de Rooij, B. de Heij; Inhaler with ultrasonic wave nebulizer having nozzle 
openings superposed in peaks of a standing wave pattern; filing date: Dec. 1,1998; 
publication date: Jun. 7,2000 

1 15. US Patent 5,421,953; M. Nagakubo, S. Fujino, K. Senda, T. Hattori; Method and appa- 
ratus for direct bonding two bodies; priority dates: Feb. 16, Oct. 22,1993; patented: 
Jun. 6,1995 

116. US Patent 6,180,496B1; S.N. Farrens, B.E. Roberds; In situ plasma wafer bonding 
method; filing date: Aug. 28,1998; patented: Jan. 30,2001 

1 17. US Patent 3,303,549; W.P. Peyser; Method of making semiconductor devices utilizing 
vacuum welding; filing date: Mar. 23,1964; patented: Feb. 14,1967 

11 8. US Patent 5,985,412; U. Gosele; Method of manufacturing microstructures and also 
microstructure; priority date: Nov. 25,1996; patented: Nov. 16,1999 
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2.1 Introduction: What is Silicon-on-lnsulator? 



Silicon is by far the most widely used semiconductor material. It is abundant in 
earth’s crust and relatively easy to convert into a high-purity single crystal. Unlike 
some other semiconductor materials silicon is stable when heated at high tempera- 
ture, and a well-behaved insulating and passivating material, silicon dioxide, can 
readily be grown on it. The excellent electrical and chemical properties of ther- 
mally grown Si0 2 are probably the most important factor that has made silicon 
such a successful semiconductor material. 

Classical silicon devices, such as Metal-Oxide-Semiconductor (MOS) transis- 
tors, are made at the surface of silicon wafers that are 700-800 pm thick, but oc- 
cupy less that the top first micrometer at the surface of the wafer. The remainder 
of the wafer serves as mechanical support for the devices and sometimes gives rise 
to unwanted, parasitic interactions with the devices. Some of these interactions 
will be discussed in the next section “General properties of SOI devices”. 

In a silicon-on-insulator (SOI) wafer the devices are fabricated in a thin silicon 
layer. This silicon layer is single-crystalline and sits on an insulating material, 
usually silicon dioxide. Typically the silicon layer thickness ranges from 10 nm to 
several micrometers, depending on the application, and the silicon dioxide layer 
thickness ranges between 50 nm and 1 pm. The whole structure rests on a me- 
chanical substrate, typically silicon, even though silicon films on glass or quartz 
substrates are preferred for some applications. The oxide layer between the active 
top silicon layer and the mechanical silicon substrate is called the buried oxide 
(BOX). Figure 2.1 shows a MOS transistor made on a silicon substrate, a silicon- 
on-insulator substrate, and a silicon-on-glass/quartz substrate. Typical thicknesses 
used in CMOS applications are indicated. 

Researchers have spent over 20 years developing reliable techniques to produce 
SOI wafers. The challenge is to produce a nearly defect- free, device-quality, sin- 
gle crystal of silicon with a diameter of 10 to 20 cm, but a thickness of only a frac- 
tion of a micrometer. Furthermore, the thin silicon crystal must sit on top of a 
high-quality amorphous silicon dioxide layer with no mechanical stress or electri- 
cally active defects. During the time period from 1980 to 1990 several techniques 
were pursued to fabricate SOI substrates. Some of these techniques involved the 
use of a laser beam, an electron beam, or a focused high-power halogen lamp to 
melt a thin film of polycrystalline silicon deposited on a silicon dioxide layer. The 
solidification process of the molten silicon would then be carefully controlled in 
order to produce a single crystal. These techniques received the general name of 
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Zone-Melting Recrystallization (ZMR) techniques. Despite several impressive ac- 
complishments such as the fabrication of three-dimensional circuits with up to 
four active SOI stacked layers [1], ZMR fabrication of SOI layers was abandoned 
because of poor yield and reliability. 
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Fig. 2.1. Metal-oxide-semiconductor (MOS) transistor made in (A): bulk silicon, (B): stan- 
dard SOI material, and (C): silicon-on-glass/quartz 

In another technique called FIPOS (Full Isolation by Porous Silicon) the top 
part of a silicon wafer was transformed into porous silicon using an electrochemi- 
cal reaction in a hydrofluoric acid bath. Some islands of silicon would be pro- 
tected from the reaction. The porous silicon was subsequently oxidized and con- 
verted into a thermal oxide isolating the silicon islands from the silicon substrate. 
Although the FIPOS process is no longer used as such, the formation of a porous 
silicon layer is used in the ELTRAN® process to fabricate modem SOI wafers. 

A third technique relies on the epitaxial growth of silicon from windows 
opened in a silicon dioxide layer grown on a silicon substrate. During epitaxy sili- 
con grows laterally on the oxide, thereby forming SOI regions. This technique, 
called Epitaxial Lateral Overgrowth (ELO) is still used to fabricate three- 
dimensional device structures [2]. 

The first SOI-producing technique to become a commercial success is the Sepa- 
ration by IMplanted OXygen (SIMOX) technique, invented at NTT by K. Izumi in 
1978 [3]. In this technique a high dose of oxygen ions is implanted in a silicon wa- 
fer. Ion implantation is traditionally used in the semiconductor industry to intro- 
duce doping atoms at the impurity level, and doses higher than a few 10 15 cm -2 are 
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rarely employed. In the SIMOX technique implanted oxygen atoms are used to 
synthesize a new material, namely silicon dioxide. As a result a very high dose of 
oxygen ions (approximately 1.8xl0 18 cm" 2 in the “standard” SIMOX process) has 
to be implanted to form the buried oxide (BOX) layer. Since every single im- 
planted oxygen atom has to traverse the top silicon layer (the future silicon-on- 
insulator layer) a large number of defects is created. The typical defect density of 
early SIMOX layers was in excess of 10 9 defects per square centimeter. Constant 
improvement to the SIMOX was brought about by many research groups world- 
wide. In a nutshell these improvements consist of maintaining the wafer at a tem- 
perature where most defects would self anneal during implantation, and perform- 
ing a subsequent thermal treatment at high temperature (1350°C) in an appropriate 
ambient (argon + 2% oxygen) to allow for the stabilization and densification of 
the BOX, as well as for the removal of oxide precipitates and other defects in the 
top silicon layer. Figure 2.2 shows cross-sectional transmission electron micros- 
copy photographs of standard SIMOX material produced in 1985 and 1998. Spec- 
tacular improvement in the top silicon layer quality can be observed. 




Fig. 2.2. (A) SIMOX produced in 1985: 10 9 defects/cm 2 ; (B) SIMOX produced in 1998: 
less than 1000 defects/cm 2 [4] 

Figure 2.3 shows one of the earliest thin-film, fully depleted transistors made in 
SIMOX (1985) One can observe the waviness of the interface between the top 
silicon layer and the buried oxide as well as the high defect density in the silicon 
film. Early SIMOX material was highly defective and the control of the silicon 
film thickness was rather poor. However, constant research efforts and the devel- 
opment of high-current implanters dedicated to the production of SIMOX sub- 
strates have turned the SIMOX process into a highly successful commercial tech- 
nique for making SOI wafers. The original SIMOX process uses an oxygen 
implantation dose of 1.8xl0 18 atoms cm" 2 . In the 1990s, effort was put into the 
production of SIMOX wafers using lower doses of oxygen in order to produce 
thinner BOX layers, reduce the defect density in the top silicon layer, and increase 
manufacturing throughput. The buried oxide thickness produced by the original 
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SIMOX process is 380 nm. Using lower implant doses (e.g. 4xl0 17 cm 2 ) it is 
possible to produce thinner buried oxides, as shown in Fig. 2.4. 




Fig. 2.3. One of the earliest thin-film, fully depleted transistors made in SIMOX (Hewlett- 
Packard Research Laboratories, 1985) 
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Fig. 2.4. 80-nm (left) and 150-nm (right) buried oxides produced by low-dose oxygen im- 
plantation. (Courtesy C. Maleville) 

In addition to SIMOX there are three other successful techniques for manufac- 
turing SOI wafers: wafer bonding and etch-back SOI (BESOI)[5], the ELTRAN® 
process, and the SmartCut® process used to fabricate Unibond® wafers. All three 
techniques make use of wafer bonding. Since other chapters of this book are de- 
voted to wafer bonding, the ELTRAN® process and the SmartCut® process in de- 
tail, these techniques will not be described in this section. 



2.2 General Properties of SOI Devices 

SOI devices and circuits have a number of intrinsic advantages compared to their 
bulk silicon counterparts. These advantages are due to the full dielectric isolation 
of the devices from one another and from the silicon mechanical substrate. 
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2.2.1 Latchup 

The latchup effect in bulk CMOS is due to the presence of a PNPN structure be- 
tween an n-channel and a p-channel MOSFET. This PNPN structure forms two 
“parasitic” bipolar transistors (one NPN and one PNP, Fig. 2.5A) connected in a 
positive feedback loop. 





Fig. 2.5. (A) Bulk silicon and (B) SOI CMOS structures. The latchup effect in bulk CMOS 
is due to the parasitic NPN and PNP bipolar junction transistors. The source and drain ca- 
pacitances are shown as well 

If a base current is supplied to one of the bipolar transistor a large current 
quickly develops in the loop and between the supply voltage and ground rails. In 
other words, the normally closed “latch” provided by the reverse-biased junctions 
in the CMOS structures between the power supply and ground becomes open and 
the reverse-biased junctions cease performing their intended current-blocking 
function. The initial base current that triggers the latchup effect can be thermally 
induced (diode leakage current) or, in space applications, created by an external 
radiation source, such as a cosmic ray. In an SOI CMOS structure (Fig. 2.2B) 
there is no “parasitic” PNPN structure since device isolation is not achieved by re- 
verse-biased junctions but by a dielectric (silicon dioxide). As a result, there is no 
latchup in SOI CMOS circuits. 



2.2.2 Source and Drain Capacitance 

The capacitance of source and drain terminals in a bulk MOSFET are classical PN 
junction capacitances between the source (drain) and the substrate (or well), as 
shown in Fig. 2.5A. As device dimension and supply voltage scale down, doping 
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concentrations increase and the reverse bias applied to the junctions decreases. 
Both factors give an increase of capacitance per unit area. The increased capaci- 
tance reduces the switching speed and increases the dynamic power consumption. 

The source and drain capacitances of an SOI MOSFET are MOS capacitances 
between the terminals and the mechanical substrate underneath the buried oxide. 
Because the dielectric constant of Si0 2 is 3 times smaller than that of silicon and 
because there is no need to increase the substrate doping concentration as devices 
are scaled down the source and drain capacitances are up to 10 times smaller in 
SOI MOSFETs than in bulk devices, yielding an improvement in circuit speed and 
a decrease in power consumption. The typical speed improvement over the bulk 
value is 20-30% and the dynamic power consumption reduction can be up to a 
factor of 4. 



2.2.3 Soft Errors 



Heavy atom nuclei in cosmic rays and alpha particles generated by the radioactive 
decay of naturally occurring elements can impinge on semiconductor devices. As 
the particles penetrate the semiconductor they lose energy and create electron-hole 
pairs. A distortion of the depletion zone around a junction, called a funnel, is pro- 
duced (Fig. 2.6A) and the collection of some of the generated carriers by the junc- 
tion creates a current spike in the junction. This current can be large enough to up- 
set the information contained in memory cells and cause “bit-flip” errors. 




/ 




Fig. 2.6. Electron-hole pair creation along the track of a particle in bulk silicon (A) and 
SOI (B) 

The intensity of the current spike is proportional to the charge collected by the 
junctions. In a bulk device the charge can be collected over a distance of several 
tens of micrometers along the ion track (Fig. 2. 6 A), while in an SOI transistor the 
only charge that can be collected is the charge generated in the SOI film itself and 
is relatively small because the silicon film is thin (Fig. 2.6B). The logic errors 
caused by particle hits are called “soft errors” and are much less frequent in SOI 
circuits than in bulk devices because the smaller charge injected in the junctions 
creates smaller current spikes. 
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Radio-Frequency (RF) Devices 

Radio-frequency devices and circuits made in silicon suffer from the low resistiv- 
ity of the substrate. Parasitic signals can travel from one device to another through 
the silicon substrate, thereby creating cross-talk interference problems. Eddy cur- 
rents generated in the silicon substrate when devices operate at frequencies above 
one gigahertz cause important loss in transmission lines. Furthermore, the capaci- 
tance between metallization layers and the silicon substrate limits the quality fac- 
tor of inductors to values usually not larger than 5. The use of high-resistivity SOI 
substrates (i.e. the silicon wafer underneath the BOX has a low doping concentra- 
tion, and therefore, a high resistivity) significantly alleviates these problems: di- 
electric loss and cross-talk are reduced [6-8] and spiral inductors with higher qual- 
ity factors can be made [9,10]. 



2.3 The SOI MOS Transistor 

The fabrication process of SOI Metal-Oxide-Semiconductor (MOS) transistors is 
very similar to that of bulk MOS devices and SOI technology is fully comparable 
with CMOS design and processing techniques. The basic equations describing the 
MOS transistor, at least for digital applications, are: 

lDsa,=-^HC ox ^{V G -V m ) 2 ( 2 . 1 ) 

2n L 

S = ^1„(10)„, < 2 - 2 > 

q 

where I Dsat is the drain saturation current (A), n is the carrier mobility in the chan- 
nel (cm 2 V -1 s” 1 ), C ox is the gate oxide capacitance (F cm” 2 ), W is the channel width 
(cm), L is the channel length (cm), V G is the gate voltage (V), V TH is the threshold 
voltage (V), S is the subthreshold swing (mV/decade), k is the Boltzmann constant 
(J KT 1 ), q is the electron charge (C), T is the temperature (K), and n is the body 
factor (dimensionless). The body factor is defined by 

n= dV G /d0 s (2.3) 

in the subthreshold regime, 0$ being the surface potential and by 

n=l+ab$(dV TH /dV suh ) (2.4) 

above threshold, where V sub is the potential of the silicon substrate (underneath the 
buried oxide in the case of an SOI device), the source voltage being used as a ref- 
erence. 

The subthreshold swing, S , is a very important parameter for low-voltage digital 
circuit applications: the sharper the swing (i.e. the lower its value in millivolts per 
decade), the smaller the gate voltage variation required to switch the transistor be- 
tween the off and on states (Fig. 2.7). A lower value of the subthreshold swing en- 
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ableS the use of a lower threshold voltage without increasing the off-state drain 
current, I off . The use of a lower threshold voltage increases the drain current in the 
on state (Eq. (2.1)) and allows for faster device operation. This is especially true 
when the supply voltage V DD is low, because of the square-law dependence of the 
drain saturation current on Vq-V th - V DD -V TH . 




Fig. 2.7. Drain current vs. gate voltage in a MOS transistor 




Buried oxide 
Silicon substrate 



Fig. 2.8. TEM photograph of a typical SOI MOSFET (Courtesy G. Celler, SOITEC) 

The electrical characteristics of SOI MOSFETs are, in general, similar to those 
of bulk devices, but some properties specific to SOI devices are worth pointing out 
because of their impact on circuit performance. Figure 2.8 shows the trasmission 
electron microscopy (TEM) cross section of a typical SOI transistor. The presence 
of full dielectric isolation of the MOS transistor by the BOX allows for the fabri- 
cation of devices and structures that do not exist in bulk silicon technology. In par- 
ticular, depending on the silicon film thickness, the channel region of the 
MOSFET can either be fully depleted or partially depleted of majority carriers. 
Furthermore, it is possible to realize transistors with double or multiple gates and 
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to modulate the threshold voltage. These different device options and their specific 
electrical characteristics are described next. 



Partially Depleted MOSFET 

An SOI transistor is said to be partially depleted (PD) if the region underneath the 
channel, called the “body” of the SOI MOSFET, is not fully depleted of carriers. 
The electrical characteristics of partially depleted SOI MOSFETs are essentially 
identical to those of bulk MOSFETs, with the exception of the presence of the so- 
called “floating-body effects”. These are due to the presence of an electrically 
floating quasi-neutral region called the “floating body” in the channel region. The 
potential of the floating body depends on the flow of currents to and from the 
body and on capacitive coupling effects between the body and the device termi- 
nals (Fig. 2.9). 



Floating body effects 

The floating body is connected to ground via the source-floating body PN junc- 
tion. When the device is operating in saturation electron-hole pairs can be gener- 
ated by impact ionization in the channel pinchoff region near the drain. The gener- 
ated holes create a current (/„ in Fig. 2.9) that flows through the floating body into 
the source-body junction. As a result of this current the source-body junction be- 
comes forward biased and the body potential increases. The increase of body po- 
tential reduces the threshold voltage, which increases the drain current and pro- 
duces a kink in the output characteristics (Fig. 2.10) [11]. The kink effect can be 
considered desirable for logic applications because it increases the current drive, 
but it degrades the output conductance, and therefore, is highly undesirable in ana- 
log applications. Furthermore, carrier generation by impact ionization produces 
high levels of low-frequency noise [12]. 




Fig. 2.9. Partially depleted SOI MOSFET with floating body and the different components 
influencing the floating body potential 

Because of the capacitive coupling between the floating body and the gate (or 
drain) the potential of the body can reach transient non-equilibrium values when 
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the device is switched on or off. Because the body potential influences the thresh- 
old voltage drain current overshoots are observed during switching [13]. These 
overshoots can be viewed as beneficial since they increase the current drive during 
switching but they need to be carefully modeled to make sure they do not cause 
switching errors in logic circuits [14,15]. 




Fig. 2.10. Drain current vs. drain voltage with and without kink effect 



Ground-body Contact and Gate-body Contact 

Floating-body effects can be partially eliminated through the use of a grounded 
body contact (also called a body tie). When the body is connected to ground by a 
body contact the impact ionization current can flow to the ground rail without 
forward biasing the source-body junction, and the kink effect is eliminated. The 
contact also pins the body potential to ground, which eliminates body potential 
transient fluctuations and, therefore, drain current overshoot effects. It is, how- 
ever, worthwhile noting that the resistance of body contacts is finite and that, 
therefore, the effectiveness of such contacts is limited [16]. 

Floating body effects can also be eliminated by connecting the body to the gate. 
Making such a connection offers an additional benefit: the threshold voltage is 
high when the device is turned off since the body is grounded when V G =0 and the 
threshold voltage is low when the device is tuned on. This feature allows the de- 
vice to switch from the lowest possible off current to the highest possible on cur- 
rent with an ideal subthreshold swing of 60 mV per decade at room temperature. 
An SOI transistor with a gate-to-body contact was first described in a patent filed 
in 1976 [17] and is referred to as a voltage-controlled bipolar-MOS device 
(VCBM) [18], a bipolar-MOS hybrid-mode device [19,20], a multi-threshold 
CMOS device (MTCMOS) [21] or a dynamic-threshold MOS device (DTMOS) 
[22]. It is worth noticing that the body of the device acts as the base of a bipolar 
transistor (P-base between the N-type source and drain), and that both “BJT” and 
“MOS” currents flow in the device. Furthermore, the use of this device is limited 
to low- voltage applications since the application of a gate voltage larger than 0.7 
V would cause excessive current flow in the body to source junction. 
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Fully Depleted MOSFET 

An SOI MOSFET is said to be fully depleted (FD) when the silicon in the channel 
region is entirely depleted of carriers. Because there is no quasi-neutral, electri- 
cally floating region underneath the channel, floating-body effects are virtually 
nonexistent in FD SOI MOSFETs [23,24]. The electrical characteristics of FD 
SOI MOSFETs are virtually identical to those of bulk devices and are described 
by (2.1) and (2.2). 




Fig. 2.11. Capacitor equivalent circuits illustrating gate voltage to surface potential cou- 
pling. (A) bulk MOSFET, (B) PD SOI MOSFET, (C) FD SOI MOSFET, (D) hybrid 
MOSFET, and (E) double/multiple gate MOSFET. The floating body is labeled “FB” 

A remarkable feature of the FD SOI MOSFET is that it has a lower body factor 
than bulk devices. A typical value for the body factor is n=lA in a bulk device 
and n= 1.1 in a FD SOI MOSFET. As a result FD SOI transistors have a higher 
current drive and a sharper subthreshold swing than bulk devices (see (2.1) and 
(2)) [25]. The lower body factor of FD SOI MOSFETs is a very valuable asset for 
low-voltage CMOS applications where the sharp subthreshold swing enables the 
use of a low threshold voltage without increasing the standby leakage current. It 
also facilitates the use of stacked gates (i.e. transistors connected in series between 
the supply voltage and the ground rail). The difference between bulk and SOI 
transistors in terms of body factor is illustrated in Fig. 2.1 1. 

The current in an (n-channel) MOSFET is proportional to the electron concen- 
tration in the channel, which is an exponential function of the surface potential, 
0 S . The value of the surface potential is controlled by the gate voltage by capaci- 
tive coupling through the gate oxide. In a bulk MOSFET the surface potential is 
also capacitively coupled to ground via the capacitance of the depletion region un- 
derneath the channel, C D (Fig. 2.11 A). As a result the efficiency of the control of 
the surface potential by the gate voltage is given by dF G /d 0 S = n = 1 +Q/C OJC . In a 
PD SOI device the floating body is pinned to a constant voltage through the 
source-body diode (Fig. 2.1 IB) and the body factor is identical to that of a bulk 
device. In a FD SOI MOSFET the capacitive coupling between the surface poten- 
tial and the substrate is due to the capacitance of the fully depleted silicon film, 
Csi = £ s /t S i and the capacitance of the buried oxide, C BO x = £ 0 Jhox^ where £ Si , £ ox , 
t Si and t B0X are the silicon and silicon dioxide permittivity, and the silicon film and 
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buried oxide thickness, respectively, and we find dVo/d&s = n = 1+(C D in series 
with C BO x)/C ox (Fig. 2.1 1C). The value of n is smaller in FD SOI than in bulk be- 
cause the capacitance of the buried oxide, C B ox, is much smaller than the depletion 
capacitance, C D . Figure 2.1 ID represents a PD SOI transistor with a gate-to-body 
contact (a.k.a. VCBM, hybrid-mode device, MTCMOS and DTMOS). Because of 
the contact between the gate and the body, dVo/d&s = n - 1, which is the lowest 
and best possible value for n. 




Fig. 2.12. (A) Encroachment of electric field lines from the drain on the channel region, and 
(B) blocking of the field lines by ground-plane diffusion in the substrate underneath the 
channel 




Fig. 2.13. Equipotential contours in FD SOI transistors without (A) and with (B) a self- 
aligned ground-plane electrode. L=100 nm, V G =V s =V sub =0 V and V D =\.5 V (from [28]) 



Ground-Plane FD SOI MOSFET 

In deep-submicron devices the encroachment of electric field lines from the drain 
on the channel region (Fig. 2. 12 A) gives rise to the so-called “short-channel ef- 
fects”. These effects occur in bulk and SOI MOSFETs alike and cause a reduction 
of the threshold voltage with decreased gate length (threshold voltage roll-off), a 
decrease of threshold voltage with increased drain voltage (drain-induced barrier 
lowering, or DIBL), and a degradation of the subthreshold swing with decreased 
gate length. In bulk devices the encroachment of the is-field lines on the channel 
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region can be reduced by creating heavily doped pockets in the substrate near the 
source and drain (HALO structure [26]). 

In an SOI device these effects can be minimized by heavily doping the top of 
the substrate under the BOX to form a ground-plane electrode [27]. Such an elec- 
trode, however, does increase the source and drain capacitance to the substrate and 
may degrade the cross-talk characteristics. It is possible to realize a localized 
ground-plane electrode that is self-aligned to the gate and does not overlap with 
the source and drain (Fig. 2.12B). Equipotential lines in fully-depleted SOI MOS- 
FETs with and without a self-aligned ground-plane electrode are shown in Fig. 
2.13. These show the reduced encroachment of the if-field lines on the channel re- 
gion in the device with the ground-plane structure. The ground plane improves 
DIBL by 35% in a 100-nm device. The disadvantage of the ground-plane ap- 
proach is that it increases the capacitance between the channel region and the sub- 
strate (C BO x in Fig- 2.1 1C), which degrades (increases) the body factor. 

Double-Gate and Multiple-Gate FD SOI MOSFET 

A much more efficient way of shielding the channel region from the E'-field lines 
from the drain is to use a double-gate MOSFET structure (Fig. 2.14B). One of the 
first publications on the dual-gate transistor concept dates back to 1984 [29]. It 
shows that one can obtain significant reduction of short-channel effects in a de- 
vice, called the “XMOS” transistor, where an excellent control of the potential in 
the silicon film is achieved by using a top-and-bottom gate. The double-gate struc- 
ture offers an additional advantage: the body factor n is virtually equal to unity be- 
cause of the absence of capacitive coupling between the channel region and the 
substrate (Fig. 2.1 IE) and the current drive is double that of a single-gate transis- 
tor because of the formation of two channels (at the top and the bottom of the de- 
vice). The most innovative device property of the dual-gate SOI MOSFET, how- 
ever, is the possibility of forming inversion layers not only at the top and the 
bottom of the channel region, but of bringing the entire film thickness into inver- 
sion. This effect, which appears if the silicon film is thin enough, is called 
“volume inversion” and further increases the current drive of the device [30,31]. 

Because of reduced short-channel effects, increased current drive, ideal body 
factor, and hence ideal subthreshold swing, the double-gate SOI transistor is 
viewed by many as the ultimate MOS transistor. Several fabrication processes 
have been proposed for the realization of double-gate transistors; some structures 
propose the use of a vertical silicon island with channels located at the sidewalls 
of the island (DELTA (Fig. 2. 15 A)) [32] and FinFET [33] devices), while some 
other fabrication processes yield planar double-gate devices with channels at the 
top and bottom of a silicon island (GAA device, Fig. 2.15B [34]). Silicon wafer 
bonding has also been used to fabricate dual-gate transistors. In this case, the bot- 
tom gates are realized on the handle wafer. After oxidation and planarization of 
the oxide, the SOI wafer is bonded to the handle wafer, thinned down, and SOI 
MOSFETs are fabricated on top of the bottom gates. This technique has been used 
to realize ultra- fast devices with P + and N + dual gates [35]. 
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The fabrication of double-gate SOI MOSFETs usually involves unconventional 
silicon processing steps such as epitaxial lateral overgrowth [36], tunnel epitaxy 
[37], selective epitaxy [38] or wet etching of a cavity underneath the buried oxide 
(GAA device). It is, however, possible to obtain the benefits of the double-gate 
structure without having to physically realize an actual back gate. Triple-gate 
structures (top and sidewall gates) [39] are easy to fabricate and require no uncon- 
ventional processing steps (Fig. 2.16A). 




Fig. 2.14. Electric field lines from the drain in a regular FD SOI device and a double-gate 
SOI MOSFET 




Fig. 2.15. (A) Fully depleted lean-channel transistor (DELTA) and (B) gate-all-around 
transistor (GAA) 




Fig. 2.16. (A) Triple-gate SOI MOSFET and (B) II-gate SOI MOSFET 
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Using a simple dry etching step it is possible to extend the sidewall gates into 
the buried oxide (Tl-gate structure, Fig. 2.16B), which shields the bottom of the 
silicon island underneath the channel from the electric field lines from the drain 
[40]. Figure 2.17 shows the potential distribution on a triple-gate and a 11-gate 
transistor. The dark region at the bottom of the gate extension in the Tl-gate device 
constitutes a virtual back gate between the two gate extensions in the buried oxide. 
The extension of the lateral gates in the BOX does not need to be very deep for ef- 
ficient shielding to take place: a 10-20 nm extension acts as an almost perfect 
back gate if the device width is 40 nm [41]. 




Fig. 2.17. Potential distribution in (A) a triple-gate SOI MOSFET and (B) a F 1-gate SOI 
MOSFET 



Fully Depleted vs. Partially Depleted MOSFET 

There has been much debate over the respective advantages and drawbacks of FD 
and PD SOI MOSFETs. Partially depleted SOI MOSFETs suffer from floating- 
body effects that require the development of complex simulation tools and a case 
by case investigation of all possible instabilities and potential problems linked to 
the floating body. Fully depleted devices suffer from a dependence of threshold 
voltage on silicon film thickness and the need to use midgap gate materials to 
achieve adequate threshold voltage. Silicon film thickness was a problem in early 
SOI wafers, leading to unacceptable variations of threshold voltage on a wafer and 
from wafer to wafer, but the high quality and uniformity of modem SIMOX, 
Eltran® and Unibond® wafers as well as the development of process design tech- 
niques [42] now makes FD SOI technology practical and attractive for many ap- 
plications. Table 2.1 lists the relative merits of FD and PD devices. 

Many semiconductor companies entering the SOI arena take a conservative ap- 
proach and adopt a PD SOI process, mostly because of fear of threshold voltage 
control issues. The agreement, however, is that, ultimately, the fully depleted 
structure will prevail and will possibly include double- or multiple-gate features. 
Figure 2.18 shows a 50-nm FD SOI transistor realized in a 30 nm-thick silicon 
film by Intel. This device includes a raised source and drain stmcture to reduce the 
resistance of the thin source and drain. It offers a current drive 30% larger than a 
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bulk device as well as a 60% lower DIBL and a 25% steeper subthreshold slope 
[44]. 

Table 2.1. Comparison between fully depleted (FD) and partially depleted (PD) SOI MOS- 
FETs. “0” = similar to bulk, “+” = better than bulk, = worse than bulk 



Parameter 


PD 


Early FD 


Modem FD 


Vth control 


0 


- 


0 


Body effect 


0 


+ 


+ 


Current drive 


+ a 


+ 


+ 


S&D capacitance 


+ 


+ 


+ 


Short- channel effects 


0 


- 


+ 


Subthreshold swing 


0 


+ 


+ 


Floating-body effects 


- 


0 


0 


S&D resistance 


0 


0/- 


0 h 



a Taking kink effect into account, 
b Using raised source and drain [43]. 




Fig. 2.18. 50-nm FD SOI transistor with raised source and drain (Courtesy INTEL Corp.) 




Fig. 2.19. High-voltage RESURF SOI LDMOS [49] 
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High-Voltage MOSFETs 

The dielectric isolation between individual transistors is an important asset of SOI 
technology. It allows for the integration of low-voltage logic and high-voltage 
transistors on a same chip. Using the reduced surface electric field (RESURF) 
technique it is possible to design transistors with a constant electric field in a rela- 
tively long drift region, thereby avoiding a peak in electric field at PN junctions, 
as it is the case in conventional power devices. It has also be shown that high 
breakdown voltages can be achieved in thin SOI RESURF structures [45]. 850 V 
switches with an on-resistance of 1 3 Q*mm 2 have been fabricated using this tech- 
nique (Fig. 2.19), as well as 250 V plasma display drivers [46,47] and a 600 V 
power conversion system [48]. 



2.4 SOI Circuit Applications 

SOI CMOS technology is now used by many semiconductor manufacturers to fab- 
ricate high-speed integrated circuits. Some companies, such as IBM and AMD 
fabricate SOI microprocessors using partially depleted devices, while others, such 
as Oki, produce Bluetooth™; baseband and RF chips, microcontrollers, DRAM, 
SRAM and multiplexers for fiber optics using a fully depleted SOI process [50]. 
All these products take advantage of the reduced source and drain capacitance of 
SOI devices, such that a 25-35% speed advantage and a 3-fold reduction of power 
consumption, when compared to bulk devices, can be achieved. Table 2.2 lists 
some SOI VLSI circuits. 

SOI CMOS technology is particularly attractive for low-voltage, low-power 
applications. The power consumption of a transistor gate is given by the following 
expression: 

W - ^ static + W dynamic ~ ^ off ^DD + / Cloud V DD ( 2 - 5 ) 

where I Q ff is the transistor off current, V DD is the supply voltage, /is the switching 
frequency, and Ci oad is the gate load capacitance. The static power consumption is 
due to leakage current flow through transistors that are turned off, while the dy- 
namic power consumption is due to the charging/discharging of a load capaci- 
tance, such as a the capacitance of the transistor drain or that of an interconnection 
line. The switching time of a gate is proportional to the load capacitance and in- 
versely proportional to the transistor current: 

Cioad (2.6) 

f oc 

Id ' 

Reducing the supply voltage is an effective means to cut down the power con- 
sumption, according to (2.4). Unfortunately, a reduction of supply voltage is ac- 
companied by a reduction of the current drive, according to (2.1) where V G =V DD 
unless the threshold voltage is reduced. Any reduction of threshold voltage in- 
creases the off current, which in turn increases the static power consumption. One 




78 J.-P. Colinge 



key advantage of FD SOI transistors is their steep subthreshold slope (Fig. 2.7), 
which allows the use of a low threshold voltage without prohibitive increase of the 
off current [61]. Figure 2.20 compares the cycle time in bulk and FD SOI CMOS 
processors. The SOI devices are faster, specially at low supply voltages. 



Table 2.2. Some VLSI SOI circuits 



Company 


Circuit 


FD/PD 


Vdd 


Performance 


Ref. 


Samsung 


Microprocessor 


FD 


1.5 V 


600 MHz 


[51] 


IBM 


Microprocessor 


PD 


2.0 V 


580 Mhz 


[52] 


IBM 


Microprocessor 


PD 


1.8 V 


550 Mhz 


[53] 


Mitsubishi 


DRAM 


FD/PD 


1.0 V 


46 ns 


[54] 


Mitsubishi 


DRAM 


PD 


0.9 V 




[55,56] 


Samsung 


DRAM 


PD 


<1.5 V 


30 ns 


[57] 


Hyundai 


DRAM 


PD 


2.2 V 


l Gb 


[58] 


Samsung 


SRAM 


FD 


0.9 V 


20 ns 


[59] 


Oki 


RF and logic 


FD 






[60] 




Fig. 2.20. Cycle time in bulk and FD SOI processors vs. supply voltage [62] 

Table 2.3 lists some low-voltage, high-speed SOI circuits published in the lit- 
erature. The circuits operating with a supply voltage of 0.5 V make use of transis- 
tors with a gate-to-body contact (DTMOS or MTCMOS). Table 2.4 presents the 
characteristics of SOI transistors used in low-voltage RF applications. The per- 
formances of these devices are comparable to those of GaAs MESFETs or SiGe 
heterojunction bipolar transistors, which enable the use of SOI CMOS for portable 
wireless applications. 



Table 2.3. Low-voltage, high-speed SOI circuits 



Company 


Circuit 


V DD (V) 


Speed 


Power dissipa- 
tion (mW) 


Ref. 


NTT 


16b ALU* 


0.5 


40 MHz 


0.35 


[63] 


NTT 


300k gate array 


1.2 


38 MHz 


30 


[64] 


Toshiba 


16x1 6b multiplier 


0,5 


18 ns 


4 


[65] 


Sharp 


PLL 


1.5 


1.1 GHz 


- 


[66] 


Toshiba 


32b ALU* 


0.5 


260 MHz 


2.5 


[67] 


NTT 


8x8 ATM switch 


2.0 


40 Gb/s 


- 


[68] 
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Table 2.4. RF SOI transistors 



PD/FD/D 

TMOS 


L 

(HmJ 


V D (V) 


f T (GHz) 


*max 

(GHz) 


Noise Fig. 2.1 Asso- 
ciated gain (dB) at 
2GHz 


Ref. 


FD 


0.75 


0.9 


12.9 


30 


- /1 3,9 (10.4) 


m 


PD 


0,30 


2.0 


- 


24.3 


0.9 /14 


[70] 


PD 


0.20 


2.0 


28.4 


46 


1.0/15.3 


[71] 


DT 


0.25 


0,6 


16 


33 




[72] 


FD 


0.20 


1.5 


76 


40 


0,4/18 


[73] 


FD 


0.25 


1.0 


42 


70 


0.4/2 1 


[74] 


PD 


0,25 


1.5 


50 


75 


-/- 


[75] 


PD 


0.07 


L2 


114 


135 


-/- 


[76] 


PD 


0.07 


L2 


141 


98 


0*5/- 


[77] 


DT 


0.08 


1.5 


140 


60 


-/- 


[78] 



2.5 Conclusion 

After 20 years of intense research and development efforts SOI technology has 
reached maturity and mass production of SOI wafers and SOI circuits has become 
an industrial reality. SOI devices offer tremendous advantages in terms of circuit 
speed and are particularly well adapted to the fabrication of low- voltage circuits 
for portable applications. 
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3.1 Introduction 

Wafer bonding was established in the 1980s as convenient and reliable means of 
producing multilayer structures consisting of crystalline and amorphous layers 
[1,2]. The science of wafer bonding was developed and the practice of getting two 
flat wafer surfaces to stick and bond has become quite successful. The one major 
weakness that remained was the difficulty of transforming one of the bonded wa- 
fers into a much thinner layer of uniform thickness. 

The brute-force approach is to mechanically grind, lap and polish one of the 
wafers until only the desired film thickness remains. This is acceptable when a 
film of 10-100 pm is needed, but the film uniformity deteriorates as the thickness 
is decreased further. An alternative is a bond-and-etch-back SOI (BESOI) process, 
in which an etch stop is introduced in advance, before wafer bonding, typically by 
implanting a high dose of boron to produce a buried layer. Epitaxial layer growth 
on top of a boron doped surface layer is another alternative. Germanium doping or 
a combination of Ge and B can be used too. Ge atoms are larger than those of Si 
and compensate for B atoms that are much smaller, thus preventing strain-induced 
slip in the lattice. 

After wafer bonding, a combination of mechanical wafer thinning followed by 
a selective etch which stops at a B- or Ge-rich region, and finally removal of this 
doped region, provide better uniformity than mechanical thinning alone. However, 
all these methods require two starting wafers to make one SOI wafer. In the 
BESOI approach there is an additional processing cost related to forming the 
doped layer and some contamination of the final film with the etch-stop dopant. 



3.2 Discovery of Controlled Exfoliation 

Early reports on blistering and exfoliation of surface layers of metals and semi- 
conductors were associated with radiation damage by energetic helium and hydro- 
gen ions [3,4] and with studies of implantation ranges of hydrogen and noble gas- 
ses [5, 6]. More subtle extended defects produced by lower doses of hydrogen in 
silicon were detected and analyzed by Johnson et al. [7] and by Cerofolini et al. 
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[8]. It should be noted that Johnson et al. reported observing hydrogen platelets 
and microcracks. 

In 1991, M. Bruel of LETI filed a patent application on a method of preparing 
thin films that could be in particular used to form SOI wafers [9]. As applied to 
the fabrication of SOI, the method consisted of ion implantation and wafer bond- 
ing followed by splitting of a thin layer from one of the wafers [10]. Bruel’ s 
method, utilizes various gas ions - most commonly, hydrogen - as an atomic scal- 
pel that cuts through Si wafers. Hydrogen ions, when implanted to a dose of few 
10 16 cm -2 , produce fine microcavities in the Si lattice [11]. Some hydrogen ions 
bond to the dangling Si bonds in the microcavities, while other fill these voids. If 
such an ion implanted wafer is heated up, more hydrogen segregates into the cavi- 
ties in the form of molecular hydrogen, H 2 , the pressure builds up to a point of 
fracture, and the surface of Si becomes pockmarked with blisters. This blistering is 
clearly an undesirable effect of ion implantation. For an implant dose exceeding 
approximately 10 17 cm -2 , blistering may occur even without the heat treatment. 
Bruel demonstrated that the previously deleterious effect could be harnessed to 
create a weakened plane that can lead to a controlled cut through the crystalline 
lattice. The key to the new method was to introduce a stiffener - a thick and/or 
very stiff layer that prevents blistering and allows the microcavities to develop- 
ment in a lateral direction. Heating of the wafer can split this weakened plane or 
zone or it can be cleaved by application of a mechanical or other stress. In the 
Smart Cut™ process for making SOI wafers, the stiffener is a handle wafer. 



3.3 Process Description 

The commercial version of the process for SOI formation by wafer bonding and 
ion-implantation-induced weakening or splitting is known as the Smart Cut proc- 
ess [12, 13]. The sequence of steps required to make SOI wafers by this process, 
using hydrogen ions as the implant species, is shown in Fig. 3.1 [14]. After wet 
cleaning, a “seed” wafer, from which a layer of Si will be removed, is oxidized to 
the desired thickness in a furnace in order to obtain a very uniform oxide thick- 
ness. This oxide helps to dechannel hydrogen ions during implantation and later 
becomes the buried oxide (BOX) of the SOI structure. Typical 200 nm thick oxide 
films are grown with a uniformity of ±4% (±3 a). The next step is hydrogen im- 
plantation through the oxide and into Si with a dose that is typically about 5xl0 16 
cm” 2 . After implantation, the seed wafer and the handle wafer are carefully 
cleaned in order to eliminate any particle and surface contaminants and to make 
both surfaces hydrophilic [15]. Wafer pairs are aligned and contacted so that the 
bonding wave can propagate across the entire interface. A batch of bonded wafer 
pairs is loaded into a furnace and heated to a temperature of 400-600° C, at which 
point the wafers split along the hydrogen implanted zone. The as-split wafer sur- 
face has a mean roughness of a few nanometers. A light touch-polish brings the 
same surface roughness as is typical in standard bulk Si wafers, i.e. R a < 1 A across 




Silicon-on-Insulator by the Smart Cut™ Process 87 



lxl pm square. The seed wafer is reclaimed and, if necessary, repolished so that it 
can be used again. 

There are several important practical aspects to the method of controlled trans- 
fer of a layer of Si, the thickness of which is defined by the ion implantation en- 
ergy, to a handle wafer. This approach makes it possible to reuse the seed wafer 
several times, thus reducing the final cost of the SOI wafer. It is the premium seed 
wafer that defines the quality of the SOI film, whereas the handle wafer only 
serves as a mechanical support and can have lower quality. Defining film thick- 
ness by the implantation energy leads to a much better thickness control than is 
possible with either mechanical or chemical thinning. For that reason BESOI 
techniques are typically limited to films thicker than 5 pm, where the absolute 
thickness control is easier. The thickness of the silicon film and/or buried oxide 



can be adjusted within a wide range in the Smart Cut™ process by tuning the im- 
plant energy and oxidation time. 



Hydrogen Implantation 

♦ till 1 / 2 

"V ' 



H rich zone 







Handle wafer 



l 



Reusable wafer j 




^ ^ S — i 






////////////// 







Splitting 



Bonding 



Fig. 3.1. The sequence of steps required to make SOI wafers by a preferred embodiment of 
the Smart Cut™ process, using hydrogen as the implanted ions 

Values between 5 nm and 1.5 pm are possible for silicon films, and the buried 
oxide thickness can be from about 5 nm to 5 pm. Not all of these values are com- 
mercially available yet, but there is a strong trend to thinner films, as will be dis- 
cussed later in this chapter. These wafers, known by their trademark name Uni- 
bond®, which derives from the fact that only \+£ (£«1) starting wafers are 
needed to make one SOI wafer, are adaptable to most device architectures, from 
ultra-thin CMOS to thick- film power transistors and sensors. It is also worth not- 
ing that only conventional equipment is needed for mass production of 200 and 
300 mm wafers. 

Standard bulk Si wafers are used as the starting material for both the handle and 
the Si film of the final SOI product. The characteristics of these two wafer groups 
are often different. The crystalline quality of the Si film that will be transferred to 
a handle wafer is of utmost importance. For that reason, “seed” or “donor” wafers 
must have the minimum of defects of any kind. Conventional material grown by 
Czochralski method has COP (crystal originated particle) defects that are formed 
by agglomeration of vacancies during crystal pulling from the melt. With the 
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steady shrinkage of device design rules, the deleterious impact of COP defects has 
been increasing. Special techniques have been developed by the leading Si suppli- 
ers to produce nearly COP- free Si wafers. Unibond® wafers are typically made by 
transferring Si layers from the COP-free Si seed wafers. An alternative is to trans- 
fer epitaxially grown Si films, since they do not contain any COPs. The require- 
ments for handle wafers are less stringent. Wafer flatness and lack of contamina- 
tion are important, but crystalline quality and dopant concentration are of less 
significance in many cases. 



3.4 Hydrogen Splitting/Separation Mechanism 

Layer splitting can be achieved by implanting hydrogen or noble gas ions. Since 
most of the research data that are available are for hydrogen, we will limit the dis- 
cussion below to this one species. High dose hydrogen implantation into Si pro- 
duces platelets that tend to trap hydrogen. For implantation doses <2x1 0 16 cm -2 at 
implant energies on the order of 60 keV, the platelet concentration in a standard 
silicon wafer is often insufficient to trap H for extended times at elevated tempera- 
tures. Low platelet density and their small size are not favorable for producing mi- 
crocracks. For H + implant doses >2x10 16 cm -2 , the initial platelet density is high 
enough so that some of them grow through the thermal cycle at the expense of 
smaller ones that are dissolved. This is a typical case of coarsening of the structure 
by means of Ostwald ripening. 



3.4.1 Implanted Silicon Wafers - No Annealing 

Detailed analysis of as-implanted Si wafers was obtained by TEM observations 
[11, 16] and by infrared absorption spectroscopy in the multiple internal transmis- 
sion configuration (MIT) which provides information on the hydrogen chemical 
bonds inside the silicon matrix [17]. After implantation of hydrogen doses in the 
range of a few 10 16 H + cm -2 to 10 17 H + cm -2 , there are no defects at the Si surface, 
but XTEM micrographs indicate the presence of platelets or microcavities con- 
fined around the maximum hydrogen concentration depth, R p . These platelets are 
visible in high resolution TEM and when using bright field conditions far from 
any Bragg diffraction. The platelets, shown in Fig. 3.2, are also sometimes called 
“hydrogen related cavities” or HRCs, and they are shaped like disks. For a 
~6xl0 16 H + cm -2 implantation dose, the platelets are about 1-2 atomic planes in 
height and about 10 nm in diameter [18]. In (100) wafers, most of the platelets lie 
on the (100) planes parallel to the surface, and to a lesser extent on the (111) 
planes. The platelets can be observed by TEM before any heat treatment, and their 
diameter grows during annealing, while the density goes down and the total vol- 
ume stays approximately constant. A series of infrared measurements was made 
on Si (100) wafers (100 mm, FZ, p-doped, resistivity 30 Qcm) implanted with H + 
through a 200 A layer of thermally grown oxide. The implantation dose and en- 
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ergy conditions were respectively ~6xl0 16 H + /cm 2 and 70 keV. These wafers were 
bonded to other virgin silicon wafers of the same type. The measurements were 
performed using a Brucker IFS55 spectrometer equipped with a broadband MCT 
detector allowing a 4 cm -1 resolution in the multiple internal transmission (MIT) 
configuration. The coupling between the IR beam and the wafers was achieved us- 
ing KRS5 prisms [19]. The first set of data was taken before any heat treatment 
and the representative spectra are shown in Fig. 3.3. 







Fig. 3.2. XTEM micrograph of microcavities or platelets formed in H+-implanted Si 




Fig. 3.3. IR spectra after 30 min anneals at different temperatures. A H + dose of ~6xl0 16 
cm -2 was implanted at 70 keV 
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They exhibit discrete spectral features in the 1750-2300 cm -1 region, relative to 
the Si-H bond- stretching modes. We have labelled some characteristic bands, ref- 
erenced in the literature [20-23] in order to show the evolution of the chemical 
bonds configuration of implanted hydrogen in the silicon lattice. It is important to 
specify that the vibrational band identification is not exhaustive: we focused on 
the main vibrations related to Si-H bonds in a Si-lattice environment. 

IR absorption spectroscopy indicates that, after hydrogen implantation, hydro- 
gen is bound to silicon mainly as monohydride species, as indicated in Fig. 3.3. 
[17]. Si-H bonds at (111) surfaces and Si-H 2 bonds at (100) surfaces can be also 
observed. They correspond to the presence of (100) and (111) platelet-like defects 
observed by TEM in the implanted region. The size of the (100) microcavities de- 
pends on the implantation conditions and can vary from small platelets up to mi- 
crocracks. In some extreme cases, these microcracks located around R p can have a 
size of several microns, and even lead to formation of blisters that are optically 
visible at the wafer surface. For instance, a high dose hydrogen implantation of 
2x10 17 H + cm -2 leads through growth of the platelets to the microsplitting phe- 
nomenon. 



3.4.2 Annealed Hydrogen-Implanted Silicon Wafers 

In wafers implanted with a few 10 16 cnf 2 to 10 17 cm~ 2 hydrogen ions, heating in- 
duces the growth of microcavities and results in the formation of microcracks, as 
shown in Fig. 3.4. A quantitative TEM study of the thermal evolution of these 
platelets requires the use of specific imaging conditions [11,16], so that the size 
distribution, density and overall volume occupied by the cavities can be measured 
as a function of the thermal history. The time evolution of the mean (100) platelet 
size and their density are shown in Fig. 3.5. 






Fig. 3.4. XTEM micrograph of a microcrack formed after thermal annealing of an H + im- 
planted Si sample 

A combination of “two beam” and “off-Bragg, strongly defocused” imaging 
was utilized. For 6xl0 16 H + cm“ 2 samples implanted at 70 keV, the first minutes at 
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450°C cause growth of the (100) microcavities that are parallel to the surface, 
while their density decreases and the total volume remains approximately con- 
stant. This is consistent with an Ostwald ripening mechanism for growth of larger 
microcavities at the expense of smaller ones that shrink and disappear. In the 
process, hydrogen diffuses from the small cavities to the larger ones. The results 
are in agreement with an earlier study of a wafer implanted with a lower, 
3xl0 16 cnT 2 , hydrogen dose [16]. It should be pointed out that (1 1 1) cavities do not 
grow during annealing. Infrared absorption spectroscopy reveals that a post- 
implantation heat treatment of H + implanted wafers induces changes in the chemi- 
cal configuration of hydrogen [17]. The spectra shown in Fig. 3.3 indicate that the 
temperature increase causes a reduction in monohydride Si-H bonds. The Si-H 2 
and Si-H 3 absorption bands become dominant after annealing for 30 min at 450°C, 
consistent with the independently measured growth of cavity-like structures. 





Annealing time [min] 

(b) 



Fig. 3.5. The time evolution of the (100) platelet (a) density, and (b) size, are shown (after 
Aspar et al. [11]) 



Hydrogen in the platelets exists in at least two forms. Some is chemically 
bound to the internal Si surfaces, the rest forms molecular hydrogen gas. Evolu- 
tion of hydrogen from the first form to the second has been studied by Weldon et 
al. [21] In Fig. 3.6, the total amount of hydrogen, as measured by Forward Recoil 
Spectroscopy (FRS), is compared to infrared-active hydrogen. IR-active hydrogen, 
i.e. hydrogen that is bound to Si, starts decreasing at about 150°C, while the total 
concentration remains constant until >400°C is reached. This is interpreted as an 
increase in the amount of H 2 being released into the platelets, which leads to a 
pressure buildup. 

The global decrease of the absorption signal in Fig. 3.3 for increasing annealing 
temperatures can also be associated with creation of molecular hydrogen H 2 , 
which is not IR-active. The molecular hydrogen is expected to be the dominant 
factor that is responsible for inflating the cavities and increasing the pressure in- 
side them. 
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Fig. 3.6. The total amount of hydrogen, as measured by Forward Recoil Spectroscopy 
(FRS), is compared to infrared-active hydrogen (from Weldon et al. [21]) 

This was verified directly by Raman spectroscopy of blisters that formed on the 
implanted wafer surface in the absence of a stiffener layer [11]. Blisters were 
formed after annealing of a Si wafer implanted with -6x10 16 H + cm -2 , as shown in 
Fig. 3.7. It can be clearly seen that as a function of time at 450°C, blisters grow 
and coalesce, which points to crack propagation inside Si and approximately par- 
allel to the surface. Raman spectra of these blisters in Fig. 3.8 show the character- 
istic signature of molecular H 2 . 




450° - 20 min 450° - 24 min 



Fig. 3.7. Optical micrographs showing coalescence of blisters as a function of time at 
450°C 
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Fig. 3.8. Vibrational Raman line of molecular hydrogen H 2 at 4158 cm -1 is clearly visible 
in the spectrum taken from a surface blister 

The pressure of molecular hydrogen in the platelets is believed to cause these 
microcavities to propagate by growing microcracks. The microcracks provide a 
weakened plane that can be cleaved by the application of a mechanical stress, or 
they can be further propagated by heating to the point where they will split the 
layer from the wafer. Freund analysed propagation of microcracks from the initial 
disk-shaped platelets, utilizing simple mechanistic concepts of gas pressure open- 
ing the small cavities and microcracks that elongate if it is energetically favorable 
[24]. The pressure in the cavity is governed by the Sievert’s rule, which says that 
the concentration of H ions dissolved in the crystal is proportional to the square 
root of the hydrogen gas pressure on the boundary of the crystal at thermodynamic 
equilibrium. Since the implanted hydrogen concentration vastly exceeds the equi- 
librium solubility of H in crystalline Si, the pressure of gas trapped in the micro- 
cavities should be very high. Grisolia et al. [25] calculated pressure on the order of 
10 GPa in a typical platelet at room temperature. 

To summarize, different studies have shown that the driving forces for cavity 
growth and microcracking are an Ostwald ripening mechanism that reduces sur- 
face energy and a cavity expansion involving crack propagation caused by the to- 
tal stress applied to the system (H 2 pressure, external stress, etc.). 



3.4.3 Splitting Kinetics 

When the implanted wafer is properly bonded to another wafer that acts as a stiff- 
ener, splitting can be obtained across the full wafer, regardless of its diameter. 
There are two ways to measure the kinetics of splitting. It is possible to study the 
blister formation as a function of the annealing temperature and time and from 
these data to infer the kinetics of splitting. Alternatively, the actual splitting data 
can be obtained after wafer bonding followed by thermal annealing. The former is 
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simpler to execute but the latter is more precise and closer to the commercial real- 
ity. The data in Fig. 3.9 were obtained by both methods. P-type Si wafers with 
5x10 14 B cm” 3 were implanted with about 6xl0 16 hydrogen ions/cm 2 at 70 keV. In 
the case of layer transfer, the implanted wafers were bonded to handle wafers after 
surface treatments that rendered the bond interfaces hydrophilic. Arrhenius-type 
plots were obtained, as shown in Fig. 3.9. There are two distinct regimes, depend- 
ing on the temperature range. 




Fig. 3.9. Arrhenius plots for the splitting time in bonded wafers, and also for the time re- 
quired to see blisters when there was no stiffener 

At high temperature, a splitting activation energy of about 0.5 eV is found. This 
low activation energy is probably associated with the free atomic diffusion of hy- 
drogen in silicon, which is -0.48 eV according to Van Wieringen and Warmoltz 
[26]. At low temperatures, the splitting activation energy is about 2.2 eV. Hydro- 
gen diffusion is still expected to occur but this time linked to a trapping- 
detrapping phenomenon that is important in this temperature range [27]. 

Let us consider the basic trapping-detrapping reaction involving free hydrogen 
atoms and trapping sites [28]: 

k^ HX ^ ( 3 . 1 ) 

with k { and k 2 being respectively the [HX] complex formation and dissociation 
constant in the reaction. 

The equilibrium constant can be written as: 



= ^ 0 exp 

ki 



E bind 



kT 



(3.2) 



with E bind the binding energy of the hydrogen atom on the trap and K 0 depending 
on the nature of the trap. 
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The second Fick’s law applied to the H diffusing species, in the presence of 
trapping sites, leads to the expression of an effective diffusion coefficient of hy- 
drogen in silicon [26]: 



Deff 



D Hfree 

1 + K[X] 



DoexpT-*"^ 

l+tA'jA'oexp Eb,nd / kT 



(3.3) 



with D H f ree the free hydrogen diffusion coefficient and [X] the concentration of un- 
saturated traps. At high temperatures this equation leads to D e fj=D H f ree . At low 
temperatures, K[X\» 1 and the activation energy can be expressed as E bind +E H diff- 
The transition between the high and low temperature mechanisms depends on the 
binding energy and the value of K 0 [X\. 

In our case, an activation energy of ~2.2 eV, at low temperatures can be related 
to the sum of 0.48 eV (. E Hdi ff ) and a binding energy of about 1.6-1. 8 eV. This is 
consistent with the published binding energies of hydrogenated complexes in sili- 
con [29]. So, at low temperatures the splitting is controlled by hydrogen diffusion 
limited by the trapping phenomenon. It should be noted that the activation energy 
data show that under the right experimental conditions, splitting can be obtained at 
temperatures <300°C. 

The Arrhenius-type plot in the case of unbonded implanted wafers exhibits 
identical behavior and activation energies, providing evidence of the same physi- 
cal phenomenon (Fig. 3.9). However, the time necessary to obtain blistering is 
shorter than the time necessary for layer transfer. The explanation is that the cavity 
size required to induce blisters formation in unbonded wafers is smaller than the 
cavity size required to obtain layer transfer. 

The orientation dependence of splitting has been studied by Zheng et al. [30]. 
They showed that although the activation energies are similar for the (100), (110), 
and (111) orientations, the onset time for blistering is shortest for (100) Si, fol- 
lowed by that of (1 1 1) and (1 10) Si at any given annealing temperature. Zheng et 
al. point out that this is consistent with the areal atomic density, and thus the num- 
ber of bonds that need to be broken during splitting, being the highest for the (110) 
plane and the lowest for the (100). 



3.5 Variations on Wafer Bonding 
and Hydrogen-Related Splitting 

Bruel’s invention set a new direction of research. After the concept of wafer split- 
ting was disseminated within the scientific community, many other related varia- 
tions were generated along the same vein - providing a weakened zone or plane 
that can be split or fractured upon application of a shearing stress or by the appli- 
cation of energy such as by heating to accomplish layer transfer. 
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3.5.1 Hydrogen and Helium 

Separation of a thin film of the bulk crystal can be achieved with other implanted 
species, in particular with helium and other noble gases. However, hydrogen, ei- 
ther alone or in tandem with another species, is preferred because of its reactivity 
with the internal surfaces of a semiconductor. For example, a study of co- 
implantation of H + and He + has demonstrated that each plays a somewhat different 
role. Hydrogen interacts chemically with the implantation damage to produce 
platelet-shaped microvoids. He + implanted after the hydrogen fills the cavities and 
provides most of the pressure that causes the separation of the Si film from the 
bulk substrate. Agarwal et al. [31], have demonstrated that film separation could 
be achieved with doses as low as 7.5x10 cm - H and 10 cm - He , as shown in 
Fig. 3.10. In contrast, under the same implantation and annealing conditions, He + 
alone requires a significantly higher dose of 2x1 0 17 cm -2 and H + alone requires 
6xl0 16 cnf 2 . Agarwal found that reversing the sequence of implants does not pro- 
vide the same benefits as the “hydrogen first” case. More recent evidence indi- 
cates that the implantation conditions, and in particular the relative implantation 
depth for the two species, play an important role. Lagahe-Blanchard et al. have 
shown that the advantage of H + implant first seems to disappear if the projected 
range R p of He + ions is greater than that of H + ions [32]. 

The microstructure observed after He + implantation is very different from that 
obtained after hydrogen implantation. Agarwal et al. [3 1 ] show a cross-sectional 
TEM of a H + implanted sample with a band of platelets 3-10 nm in length, posi- 
tioned along the (100) and (111) planes. In contrast, another sample implanted 
only with He + has many defects greater than 300 nm in diameter. This is attributed 
to the lack of chemical bonding of He in Si, which results in more diffusion of He 
and its segregation into much larger defects. Even though He can be used alone to 
split layers in a similar manner to that of hydrogen, the combination of H + fol- 
lowed by He + is more effective. 



3.5.2 Hydrogen and Boron 

The reaction of hydrogen with Si is influenced by the presence of Si dopants. Bo- 
ron is particularly effective, since in addition to producing a large number of de- 
fects per implanted B ion, the B atoms themselves may trap a cluster of hydrogen 
atoms. It is known that hydrogen in p-Si diffuses as H + ions, and the internal elec- 
tric fields that are generated by p + layers attract these positive ions. However, at 
200°C, H + is attracted to p + layers even after all the acceptors have been matched 
with H + , as shown by Marwick et al. [33] In another study, Borenstein et al. show 
that as many as 8-12 hydrogen atoms are trapped by each boron atom [34]. Tong 
et al. [35] have taken advantage of this affinity of hydrogen for boron to reduce 
the heating times and temperatures required for layer splitting and separation, as 
shown in Fig. 3.11. The various characteristics of H trapping and diffusion in 
highly B -doped or implanted Si material can support this lowering of a splitting 
thermal budget. This is particularly useful when a layer transfer of Si to a dissimi- 
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lar material with a very different thermal expansion coefficient is attempted. The 
advantage of a reduced process temperature is, however, counterbalanced by the 
risk of an excessive p-type doping of the film that is being transferred. 



cp 
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Fig. 3.10. Total H + and He + dose necessary for blistering to occur, as a function of the frac- 
tion that is H + (from Agarwal et al. [31]) 



3.5.3 Hydrogen at Heteroepitaxial Interface 

Stresses produced by ion implantation can be accompanied by additional stresses 
induced by heteroepitaxy. Application of the Bruel process to hydrogen implanted 
at or near the Si/SiGe interface is effective in splitting the wafers along this inter- 
face [36]. 



3.5.4 Strained Si on Insulator 

Strained Si films on relaxed Sii_ x Ge x can provide enhanced carrier mobility in 
MOSFETS [37]. In the bulk Si version of strained Si, a thick Sii_ x Ge x layer is 
grown epitaxially on a Si wafer, with Ge concentration gradually increasing to 
about x=0.3. A relaxed layer of Sii_ x Ge x of uniform Ge concentration is grown 
next, followed by a thin strained Si film that matches the lattice of Sii_ x Ge x . 

In one SOI implementation, the relaxed SiGe film of uniform composition is 
split from the substrate on which it was grown and transferred to an oxidized han- 
dle wafer. Then the strained Si film is grown, thus achieving a SOI-like structure 
that combines the advantages of higher mobility with those typical of SOI [38]. 
The layer transfer process also eliminates the highly defective SiGe layer of 
graded concentration. 

In another SOI version, SiGe has only a temporary role and is totally absent 
from the final structure. The entire stack of graded SiGe, followed by relaxed 
SiGe of uniform composition and a strained Si layer are grown first, and then 
bonded to an oxidized Si handle wafer. After splitting off of the seed wafer, the 
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remaining SiGe is etched away in a selective etchant, leaving only the strained Si 
film on BOX [39-41]. 



500 400 350 300 250 200 150 T (C) 




Fig. 3.11. Time required to form optically detectable surface blisters in H + implanted wafers 
that were uniformly doped with boron or phosphorus, as indicated (from Tong et al. [35]) 



3.6 Large-Scale Manufacturing of SOI Wafers 
for Advanced CMOS 

In previous sections we tried to elucidate the scientific aspects of the Smart Cut™ 
process. But the science of the Smart Cut™ has led in a span of just a few years to 
a new commercial technology and to mass production of highly engineered sili- 
con-on-insulator wafers. Therefore, we highlight below the current status of com- 
mercial Unibond® wafers produced by Soitec S A. 

In order to implement the Smart Cut™ process in the production of large- 
diameter wafers with very thin Si films, many technical challenges had to be 
solved. Device scaling that is required to continue the progression along the 
Moore’s curve has a strong impact on SOI wafer parameters. As we move from 
130 to 90 to 65 nm device generations, the Si film thickness has to scale as well. A 
transition from partially depleted (PD) to fully depleted (FD) device designs, 
which is likely to occur in the next few years, will further accelerate the demand 
for thinner Si films. The buried oxide also needs to scale down in thickness, al- 
though not as rapidly. Table 3.1 lists five progressively thinner SOI wafer genera- 
tions and their specifications. The names of these wafer classes are somewhat ar- 
bitrary. As of January 2003, PD, FD, and UT1 wafers are in production, whereas 
UT2 and XUT wafers are in prototyping. A matrix of currently available film 
thicknesses is also shown in Fig. 3.12. SOI wafers with 500 A of Si on 1000 A of 
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BOX are in full production, while 200 A Si films are available as prototypes. The 
feasibility of producing even thinner films, such as 1 00 A of Si on 200 A of oxide 
has been established. 



Table 3.1. Soitec Roadmap for SOI wafers 



Time line 


2000 


2001 


2002 


2003 


2004 


Process generation 


PD 


FD 


UT1 


UT2 


XUT 


Silicon layer thickness (A) 


1000 


500-700 


200-700 


200- 

300 


200 


Si Uni f 6a (A) 


150 


100 


70 


30 


10 


Si Unif 6a; all wrs all sites 
(%) 


±7% 


±7% 


±6% 


±5% 


±2.5% 


AFM Roughness (RMS) 
1x1 pm 


1,0 A 


i.oA 


1.5 A 


2 A 


2 A 


AFM Roughness (RMS) 
10x10 pm 


1.5 A 


1.5 A 


3 A 


4A 


5 A 


Box Layer Thickness (nm) 


150-200 


100-150 


100-150 


80-150 


80—1 50 


Box Layer TTV 


±4% 


+ 4% 


+3% 


+ 3% 


+ 3% 




Fig. 3.12. Extendibility chart of the Si and BOX thickness in wafers produced by the 
Smart-Cut™ process 



3.6.1 300 mm SOI Wafer Manufacturing 

When the bulk silicon industry started transitioning from 200 to 300 mm diameter 
wafers, the SOI community had to do the same. The feasibility of making 300 mm 
Unibond® wafers was demonstrated in 1997, the first samples were built in 2000, 
and a 300 mm pilot line has been in operation since January 2002. The early 
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manufacturing experience convinced us that there is no major limitation to pro- 
ducing 300 mm Unibond® wafers. Since 300 mm silicon wafers incorporate the 
most advanced silicon wafer engineering, the SOI quality and manufacturability 
has been improved in this transition to a larger diameter. The nanotopology im- 
provements are particularly beneficial. 



3.7 Ultrathin Products 



3.7.1 New Unibond® Process Generations 

The ITRS roadmap for SOI wafers highlights many challenges, particularly in the 
area of the Si film thickness. Films <20 nm thick with ± 5% (±3 a ) thickness uni- 
formity are expected in 2004. These requirements lead to 10A thickness accuracy 
across a 300 mm wafer. As a general trend, it appears that such high uniformity 
needs to be guaranteed at all spatial wavelengths, from millimeters down to ang- 
stroms. 



3.7.2 Ultrathin Film Processing in Production 

Present production is designed for ±50 A with UT1 process generation. In this 
roadmap, uniformity is calculated at 6a (mean ±3o), with each 200 mm wafer 
measured at >1700 points, and each 300 mm wafer measured at >4000 points. Af- 
ter plotting minimum and maximum values for each wafer (M-3o and M+3o), the 
overall uniformity is obtained for all wafers at all sites (Fig. 3.13). 
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Fig. 3.13. Overall thickness uniformity chart for 200 mm UT1 wafers 
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The uniformity is thus driven by two parameters: the wafer-to- wafer mean 
thickness variation and the on-wafer 3a spread. For this typical 200 mm example, 
the mean thickness is controlled at ±15 A. Thickness uniformity and surface 
roughness are interrelated. Unibond® UT1 is offering the best combination of 
these two parameters. 




Fig. 3.14. Surface roughness for UT1 wafers: 1.8 A RMS for lxl pm 2 and 2. 7 A RMS for 
10x10 pm 2 scans, respectively 




Fig. 3.15. Preliminary results for 300 mm UT2 wafers with 200A Si on 1500 A BOX. Total 
thickness variation in the batch of over 50 wafers is ±20 A 

The AFM pictures in Fig. 3.14 indicate that the surface roughness is <2A RMS 
for lxl pm 2 scans and only slightly more for 10x10 pm 2 scans. The interface 
roughness also exhibits low values, typically <2 A RMS. 

Currently the 300 mm UT1 process is ramping-up and it is capable of ±50 A to- 
tal uniformity, with 3 mm edge exclusion. All characterization parameters, includ- 
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ing defect density, roughness, HF defect density, secco defects, metallic contami- 
nation, and electrical properties, are already exhibiting the same values as those 
measured in 200 mm wafers that are produced in large volumes. 

3.7.3 Towards UT2 and XUT SOI Wafer Generations 

In the Unibond® process, the final uniformity is defined by the oxidation, implan- 
tation and polishing steps. In the new process generations, the optimization of the 
oxidation and implantation conditions has led to very uniform as-split structures, 
approaching lA thickness uniformity (la). The UT1, UT2 and XUT processes are 
all based on the same highly uniform (7 A range) SOI starting structure. The dif- 
ferences in these generations stem from the steps used to remove surface rough- 
ness and obtain the final SOI structure. 

When comparing UT1 performance and ITRS targets, thinner and more uni- 
form films will be needed in the future. Since the implant energy is the first factor 
that determines the film thickness, by going to energies in the 5 to 10 keV range, 
200-500A films are obtained. 

For 300 mm UT2 wafers, the within- wafer uniformity is better than ±15 A 
(3a). When combined with the wafer-to-wafer mean thickness control of ±5 A, 
UT2 is compatible with ±20 A overall uniformity, as shown in Fig. 3.15 for a wa- 
fer batch with 200 A of Si on a 1500 A BOX. 

Modifications in the splitting and finishing steps have the reduced surface 
roughness on UT2 wafers to lA RMS in lxl pm 2 AFM scans, and to 3.5 A RMS 
in 10x10 pm 2 scans. The latter result is shown in Fig. 3.16. In Fig. 3.17, prelimi- 
nary data for the XUT process are shown for a 200 mm wafer, demonstrating that 
<2 A standard deviation is achievable. 



3.8 Conclusions 

The discovery in 1991 of ion-implantation induced exfoliation of thin silicon lay- 
ers has led to a new commercial process, known as the Smart Cut that has revolu- 
tionized the SOI wafer fabrication. Large quantities of high quality SOI wafers are 
now produced by highly automated industrial methods. Instead of tedious and de- 
structive grind and polish or etchback methods, ion implantation and splitting of- 
fers reusability of the seed wafers and excellent control of the film thickness. The 
science of implantation-induced splitting is still evolving, since the physical phe- 
nomena that govern the creation and growth of gas filled microcracks are quite 
complex. 
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Fig. 3.16. 10x10 jam 2 AFM scan on the UT2 300 mm wafer with 200 A of Si on 1500 A 
BOX. The surface roughness is 3.5 A RMS 
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Fig. 3.17. 200 mm XUT product thickness map. 580 A of Si on 1500 A BOX, 3 mm edge 
exclusion, la = 1.9 A and the range is <20 A for the 1765 points measured 
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4 ELTRAN® Technology Based on Wafer Bonding 
and Porous Silicon 



K. Sakaguchi and T. Yonehara 



4.1 Introduction 

Silicon-on-insulator (SOI) technology has entered a long-awaited period, with 
complementary metal oxide semiconductor (CMOS) applications of thin-film SOI 
about to reach a stage where they can be put to practical use. Thick- film SOI has 
already been put to practical use in a wide range of SOI-integrated circuit (IC) ap- 
plications, such as analog devices, photodiode arrays, high-speed bipolar ICs, in- 
vehicle ICs and plasma display panel (PDP) drivers. Thin-film SOI, on the other 
hand, has previously found a few applications, such as radiation-hard static ran- 
dom access memories (SRAMs), application-specific ICs (ASICs) and asynchro- 
nous transfer mode (ATM) ICs. However, there are nowadays some applications 
in the area of mainstream CMOS-large-scale integration (LSI) towards devices for 
low power, high-speed logic and communications. 

The history of SOI development can be divided into three phases. The first 
phase was the introduction period in the 1960s, when the SOI structure was cre- 
ated for the first time using SOS (silicon-on-sapphire), and a microprocessor was 
developed with it. The second phase occurred around 1980, when various methods 
of forming the SOI structure on a silicon wafer were proposed; SIMOX was bom 
and SRAM was developed as a radiation-hard device in this phase. The third 
phase started in the mid-1980s, when the direct wafer bonding technology was an- 
nounced by Toshiba and IBM, paving the way for bond-and-etch back SOIs (BE- 
SOIs). This technology first attracted public attention for its high crystal quality. 
However, since the bonding technology basically requires etching from a bulk 
silicon wafer, original thin film technologies were developed, and it continues to 
the present day. 

SOI-Epi wafers™ and Epitaxial Layer TRANsfer (ELTRAN®) are new wafers 
that have been originally developed by Canon; they are BESOI wafers that make 
use of the selective etching of porous silicon [1-4]. The method used involves 
combining BESOI with epitaxial growth on porous silicon that is capable of being 
etched with ultra-high selectivity and surface-smoothing by hydrogen annealing. 
Another special feature of the method is that the bonded wafer is split into two at 
the porous silicon layer, with one part becoming the ELTRAN® wafer and the 
other part being reused. Along with product quality, reducing wafer manufacturing 
costs is one of the most important requirements for further expanding the SOI 
market. If the starting material, the remains of which were always thrown away in 
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the past after wafer manufacture, can be reused in this way, then production costs 
can be reduced dramatically. 

Research and development on ELTRAN® was started in 1990. Thanks to the 
good use of ultra-clean technology it subsequently became possible to apply our 
manufacturing line to 8-inch SOI wafers, with production being commenced in 
1997. 



ELTRAN® History 



SOILS! 



UTF 

SOI Devices 




1990 1991 

SIZE 5mm 4 Inch 



1993 
5 inch 



1995 



1997 



1999 



2001 



5,9 inch 12 inch 
Class 100-1000 + 1 ► Class 1 



Fig. 4.1. History of ELTRAN® R&D to production 



Looking back at the history of ELTRAN® R&D with the aid of Fig. 4.1 [5], 
ELTRAN® was first conceived in 1 990 when it came to our attention that porous 
silicon has an enormous surface area per unit volume (about 200 m 2 /cm 3 ). It was 
in this year that basic research was started. In 1992, we increased the size of our 
SOI wafers to 5 inches, carried out the trial manufacture and evaluation of bipolar 
transistors and MOS field effect transistors (MOSFETs), and developed small dis- 
plays having integrated drivers. We also succeeded in using low-temperature 
bonding techniques to form ELTRAN® wafers on top of glass substrates, and tried 
making corresponding devices. The highlight of this development period was 
around 1995 with a number of breakthroughs, such as the first formation of a 100 
nm ultra-thin film and the realization of surface smoothing by hydrogen annealing 
and low-defect epitaxial growth. 

In 1997, we participated in the SEMATECH benchmark and succeeded in con- 
firming the inherent superiority of our SOI-Epi wafers™, i.e. the dramatic reduc- 
tion in HF defects. The expected innate strong advantages of a crystal-originated- 
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particle-free (COP-free) SOI-Epi wafer™ could be realized. Subsequently, for 
thick- film down to ultra-thin-film SOI wafers and glass substrates, a wide range of 
possible applications have been researched and developed. At present, with the 
goal of showing the future potential of our SOI wafers, we are striving towards 
300 mm-diameter wafers and sub-50 nm ultra-thin films. 



4.2 Special Features of ELTRAN 



4.2.1 SOI-Epi (COP-Free) Wafers™ 

Figure 4.2 shows the characteristic features of bulk wafers and epitaxial wafers, 
along with SOI wafers and the SOI-Epi wafers™ that we have proposed. With a 
bulk wafer, when the crystal is pulled from molten silicon using a seed crystal, 
microscopic voids of size 0. 1-0.2 pm called COPs are formed. It is known that 
these COPs are regular octahedrons surrounded by {111} planes, with the inner 
wall being covered by an oxide. However, these voids do not propagate by vapor 
phase epitaxy into the epitaxial layer formed on top of the bulk wafer, and so there 
are none in the epitaxial layer. This is one of the main reasons why epitaxial wa- 
fers are used these days not only in logic devices but also in memories. The reason 
that epitaxial wafers have come to be used is the fact that the size of devices has 
approached that of COPs (0. 1-0.2 pm), meaning that COPs cause a degradation in 
the reliability of the gate oxide films of devices. In the case of SOI, the thickness 
of the thin film SOI has become comparable to or even less than the size of COPs, 
and so if COPs exist, there are voids in the corresponding parts of the SOI thin 
film in place of silicon, which is a defect far more fatal to an SOI device than the 
presence of COPs in the bulk. If the SOI wafer immerses in HF solution, then the 
COPs in the SOI thin film become pinholes, and the buried oxide film immedi- 
ately underneath becomes directly etched, which is easy to detect; such a defect is 
called an “HF defect Since 0.25 pm-rule microprocessor units (MPUs) and dy- 
namic random access memory (DRAM) circuits are manufactured to a 99% yield, 
the density of HF defects must be no more than about 0.1/cm 2 . It is anticipated 
that this figure will drop down to around 0.01 /cm 2 with further advances in minia- 
turization in the future. It is thus considered that technology whereby an epitaxial 
layer is used as the SOI layer, i.e. COP-free SOI-Epi wafer™ technology, should 
be useful as far as thin-film SOI devices are concerned. In fact COP-free epitaxial 
wafers are already used in today’s mainstream MPU products. Drawing an anal- 
ogy from this, it would seem that SOI-Epi wafers™ will also become used in SOI 
logic devices. In particular, it seems likely that as the miniaturization of the device 
size progresses, the use of epitaxial wafers as starting materials will become un- 
avoidable regardless of the manufacturing techniques used. In fact, one can al- 
ready see SOI layers being made epitaxial, even in non-ELTRAN® wafers [6]. 
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SOI Wafer SOI -E pi Wafer 



Fig. 4.2. Distribution of COP A s in a bulk wafer, epitaxial wafer, SOI wafer and SOI-Epi 
wafer 
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Fig. 4.3. Surface smoothing of SOI wafers by polishing and H 2 annealing 




4.2.2 Surface-Smoothing Techniques 

In this section, we discuss the surface smoothness of SOI wafers with the aid of 
Fig. 4.3. Regardless of the manufacturing technique used, the surface just after the 
SOI layer has been formed is much rougher than that of a bulk polished wafer. If a 
device was created with the surface left this rough, then the reliability of the gate 
oxide film would be a big problem. When carrying out ion implantation, not only 
is the internal crystalline structure damaged, but degradation of the surface 
smoothness is also unavoidable. Moreover, when ultra-high-temperature oxidation 
of the surface is carried out at 1300°C or above, this degradation becomes even 
worse. In the case of the propagation of micro-cracks by rare gas or hydrogen ion 
implantation, the crack plane reaches the surface of the SOI layer, and in the case 
of the porous silicon etching, roughness - which reflects the state of the boundary 
interface between the porous silicon and the epitaxial layer above it - appears im- 
mediately after formation of the SOI layer. This roughness could be removed by 
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chemical mechanical polishing (CMP) in order to achieve a smoothness compara- 
ble to that of a bulk polished wafer, but the reduction in the film thickness and the 
degradation of its in-plane uniformity would become problems, as would control 
stability during mass production. These problems would be particularly prominent 
in ultra-thin-film SOL With ELTRAN®, however, a brand new surface smoothing 
method totally different to the CMP method has been invented [7]. This method 
was devised after discovering the phenomenon whereby the surface pores of the 
porous silicon close up and disappear due to enhanced surface diffusion of silicon 
atoms during the hydrogen pre-baking in the chemical vapor deposition (CVD) 
epitaxial growth on the porous silicon. If about one square micron of the surface 
of an etched ELTRAN® wafer is studied using an atomic force microscope 
(AFM) , it is found that the surface roughness ( R rms ) of 10 nm or so is reduced by a 
factor of about 100 by the hydrogen annealing, meaning that even the atomic steps 
can be seen. Moreover, with this new surface smoothing method the reduction in 
film thickness is now less than lnm [8]. The new method has produced truly dra- 
matic effects. We will discuss this suppression of the reduction in film thickness in 
more details in Sect. 4.7. below. 



4.2.3 High flexibility in the film thicknesses 

With ELTRAN® wafers, the SOI layer is formed by epitaxial growth and the bur- 
ied oxide film is formed by thermal oxidation. This means that the thicknesses of 
the SOI layer and the buried oxide film can be controlled independently from one 
another and over a wide range. In actual practice both thicknesses can be con- 
trolled to be anywhere from 27 nm down to a few nm, and both are uniform to 
within ±5% or better. 



4.3 Processes and a Cleanroom 



4.3.1 Processes 

Porous silicon [9] is a material that was discovered in 1956 [10]. Although re- 
search into its use in full isolation by porous oxidized silicon (FIPOS), a technique 
used in SOI manufacturing and as a luminescent material, had been carried out in 
the past, until now there was no industrial manufacturing technology that made 
use of it. ELTRAN® provides the only case where a use for porous silicon in in- 
dustrial manufacturing has been successfully found. The ELTRAN® manufactur- 
ing process is made up of processes that harmoniously unite the three special fea- 
tures of porous silicon. The three special features of porous silicon are as follows. 




112 K. Sakaguchi and T. Yonehara 



1 . Sealing of surface pores and surface smoothing by annealing in a hydrogen at- 
mosphere [11]. This allows us to achieve a high-quality epitaxial silicon layer 
on top of the porous silicon. 

2. Enormous surface area [12,13]. The enormous surface area means that the etch- 
ing selectivity of porous silicon is as high as 100 OOOx. 

3. Internal stress [14-16]. By controlling the internal stress, the splitting plane can 
be specified. 

The ELTRAN® manufacturing process consists of seven important processes: 
three of them are related to the above-mentioned three special features of porous 
silicon; the other four are anodization to form the porous silicon in the first place, 
wafer bonding, smoothing by hydrogen annealing, and wafer recycling. We will 
now explain these seven processes in the order in which they are carried out. 

The ELTRAN® process flow is shown in Fig. 4.4. 




Etching & H, Annealing 



Fig. 4.4. ELTRAN® process flow based on seed wafer reusage 



Anodization 

Firstly, a single-crystal silicon wafer called a seed wafer that can be reused again 
and again is taken and porous silicon is formed on the surface by means of anodi- 
zation. The anodization involves passing a current through a solution of HF and 
ethanol with the single-crystal silicon wafer as the anode in order to form micro- 
scopic pores with a diameter of a few nm on the surface of the wafer at a density 
of about 10 ll /cm 2 . The reaction occurs at the far end of the pores, meaning that the 
pores progressively elongate into the inside of the wafer. The structure of the po- 
rous silicon can be controlled by the concentration of the solution, the current den- 
sity and the resistivity of the silicon. Moreover, the thickness of the porous silicon 
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layer can be controlled by the length of time for which the anodization is carried 
out. The easiest way of controlling the porous structure is to vary the current den- 
sity. By doing this it is easy to create a porous layer that has a multi-layered struc- 
ture, an example of which is shown in Fig. 4.5. In this example, the layer of po- 
rous silicon closest to the surface was formed using a low current density, and 
then after this the current density was raised and a second layer of different poros- 
ity was formed. It can be seen from the figure that the first layer of porous silicon 
contains microscopic pores of diameter a few nm, and below this a second layer is 
formed for which the pore diameter is a few times greater. 

Dry oxidation of the porous silicon is then carried out at a low temperature of 
400°C [17]. This results in oxidization of about 1-3 nm of the inner walls of the 
pores, preventing the structure of the porous silicon from changing under high- 
temperature treatment. If this were not done then the porous silicon would be 
thermally unstable, with agglomeration of the pores occurring particularly at tem- 
peratures of 700°C and above, which would cause a considerable worsening of the 
subsequent etching properties. 




5 jim 200 nm 



Fig. 4.5. Cross-sectional micrographs of double-layered porous Si formed by changing an 
anodic current 



Epitaxial growth 

Baking is carried out at about 1000-1 100°C in a hydrogen atmosphere in a CVD 
epitaxial reactor [11]. Figure 4.6 shows SEM micrographs taken from an oblique 
angle of the surface of the porous silicon before and after the hydrogen pre baking. 
It can be seen that the hydrogen pre-baking causes the pores in the porous silicon 
surface to close up to the extent that the density of these pores goes down from 
about 10 11 cm -2 to less than 10 4 cm” 2 , and hence the surface is smoothened. Figure 
4.7 shows the mechanism of defect formation and a model of the reduction in de- 
fects due to pre-injection. Since during the formation of the porous silicon layer 
the silicon partially dissolves and pores form, the surface is originally in a state 
whereby there is a deficiency of silicon atoms. By pre-baking in hydrogen, 
enhanced surface diffusion takes place, causing the surface pores to close up. The 
silicon atoms necessary for this must be provided from the side walls of the pores, 
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but since the surfaces of these side walls are partially passivated, there is a limit to 
the amount of silicon atoms that can be provided, and so pores of relatively large 
diameter can remain, this being a cause of stacking faults. A pre-injection method 
[18,19] was thus devised whereby a small additional amount of silicon is provided 
from the gas phase during the hydrogen pre-baking and surface diffusion is made 
to occur so that the remaining pores in the surface of the porous silicon close up. 
In this way a large reduction in defects has been achieved. 

Figure 4.8 shows the history of efforts to reduce defects. With regard to crystal 
defects in the ELTRAN®, it can be seen that the density of secco-etch defects 
(SEDs) has been decreased by a factor of about 10 every two years. Big contribut- 
ing factors to this decrease have been the above-mentioned phenomenon of sur- 
face pores being closed up through hydrogen pre-baking, the provision of a small 
amount of extra silicon atoms (pre-injection), and the use of an epitaxial reactor 
equipped with a load lock [20]. As of the present, we have achieved a secco-etch 
defect density of the order of only 10 defects per cm 2 . 

After the pre-injection, epitaxial growth is carried out at about 900~1000°C. 
Next, the surface of the epitaxial silicon layer is thermally oxidized. The resulting 
oxide film will become the buried oxide (BOX) film of the SOI wafer. 



Just before Epi ! 




1 00 n rn 



(b) After H 2 pre-backing (b) After H 2 pre-backing 

Fig. 4.6. Porous Si surface (a) before and (b) after H 2 prebaking 



Bonding 

The surface of the thermally grown oxide film and the silicon handle wafer that 
will become the supporting substrate are next cleaned, and then the surfaces of the 
two wafers are pushed together at room temperature, upon which they bond to one 
another by van der Waals forces [21]. After that, heat treatment is carried out in 
order to form covalent bonds and thus strengthen the bonding between the two 
surfaces. Figure 4.9 shows a cross-sectional TEM micrograph of the bonded wa- 
fer. It can be seen from the micrograph that the bonding interface and the 
SOI/BOX interface are both abrupt. Note that by using a quartz wafer as the han- 
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die wafer (the supporting substrate), it is also possible to manufacture light- 
transmitting ELTRAN® wafers. 




0. 1 -SiinVmin < a few atomic layer/sec 




Fig. 4.7. Mechanism of defect reduction by pre-injection 




1990 1991 1993 1995 1997 1999 2001 



Size 5mm 4" 5" 5" 6" t 8" 12” 

Class 100-1000 CR ^ 1 ►Class ICR 



Fig. 4.8. History of defect reduction 
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Splitting 

The porous silicon layer in the bonded wafer has a double-layered structure [14- 
lb, 22]. The bonded wafer is split parallel to its surface, close to the interface be- 
tween these two layers, using a water-jet method. Further details will be given in 
Sect. 4.6. 

Etching 

After the bonded wafer has been split, the first porous silicon layer remains on the 
handle wafer (supporting substrate) side; this layer is uniform in thickness across 
the whole wafer [12,13]. The handle wafer part is then etched using a solution 
containing a mixture of HF, H 2 0 2 and H 2 0. The etching characteristics of porous 
silicon and non-porous silicon are shown in Fig. 4.10. 




Fig. 4.9. XTEM micrograph to show the bonding configuration 
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Fig. 4.10. The etching characteristics of porous Si (closed symbols) and nonporous Si (open 
symbols) by immersing in HF/HNO3/CH3COOH (triangles) HF/H 2 0 2 (circles) and HF (rec- 
tangles) as a function of etching period 
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For the sake of comparison, the figure shows the etching characteristics not 
only for the HF/H 2 0 2 /H 2 0 mixture, but also for an HF/HNO3/CH3COOH mixture 
and for an HF/H 2 0 solution. It can be seen that in the case of the HF/H 2 0 2 /H 2 0 
mixture, once a certain incubation period has passed, the porous silicon is etched 
virtually all at once. The selectivity of this etching is as high as 100 OOOx, mean- 
ing that the etching does not cause any degradation of the uniformity of the thick- 
ness of the SOI layer. It is inferred from these characteristics that the etching 
mechanism is as shown in Fig. 4.1 1. According to this mechanism, the etching so- 
lution penetrates into the pores of the porous silicon by capillarity, and then etches 
into the walls of the pores in a sideways direction. Eventually, the porous structure 
can no longer support itself and collapses. Since each wall between neighboring 
pores is etched from both sides, the thickness of epitaxial silicon that must be 
etched is effectively half of the thickness of the wall, which is at most about 10 
nm. Moreover, so long as the porous silicon collapses, it does not matter if the 
etching is not perfect. This means that it is possible to etch porous silicon layer 
with the thickness up to 10 pm or more uniformly across the whole surface of the 
wafer, and since the selectivity is as high as 100 OOOx, there is virtually no degra- 
dation of the uniformity of the thickness of the SOI layer. When an etching solu- 
tion that reacts strongly with silicon such as a mixture of HF, HN0 3 and 
CH3COOH is used, on the other hand, etching starts to progress from the surface 
of the porous silicon before the etching solution has had a chance to penetrate into 
the pores, meaning that the above-mentioned mechanism does not take effect and 
so selectivity cannot be achieved. 




1 00 nm 

Fig. 4.11. Etching mechanism and cross-sectional micrographs of porous Si before and dur- 
ing etching 
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Furthermore, even if there are foreign particles on the surface of the split wafer, 
if the porous structure collapses as in Fig. 4.11, then these particles can easily be 
removed by ‘lifting off. Figure 4.12a shows a wafer that is in the process of being 
etched, while Fig. 4.12b shows the wafer after etching has been completed. It can 
be seen that the porous silicon around the periphery is removed first, and that in 
Fig. 4.12a porous silicon still remains around the center of the wafer. In this way, 
it is possible to judge when the etching has finished simply by visual inspection, 
meaning that it is easy to optimize the etching time. 




(a) (b) 

Fig. 4.12. Photograph of etching process, (a) shows the wafers during the etching process, 
(b) shows as-etched mirror surface of the wafers 



Hydrogen annealing 

After the porous silicon layer has been removed by selective etching, the epitaxial 
silicon / porous silicon interface is left at the SOI surface with a distinctive ‘micro- 
roughness’ that results from the etching mechanism described above (see Fig. 
4.13a) [7]. If heat treatment in a hydrogen-containing atmosphere is now carried 
out, the surface becomes smoothened as shown in Fig. 4.13b. The surface rough- 
ness was measured using AFM. The observed period of the surface roughness de- 
pends on the length of the region scanned, and so the dependence of the surface 
roughness on this length is shown in Fig. 4.14. The measured surface roughness 
values for the SOI wafer before and after hydrogen annealing are shown, along 
with those for a commercially available bulk polished wafer for the sake of 
comparison. It can be seen from the figure that for a lxl pm 2 region, the root- 
mean-square roughness was improved by hydrogen annealing to about 0.1 nm, 
which is at least as good as that for the bulk polished wafer. Moreover, even the 
atomic steps could be seen, showing that a smoothness down to the atomic scale 
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steps could be seen, showing that a smoothness down to the atomic scale has been 
achieved. 




(a) Before H 2 Annealing 



(b) After H 2 Annealing 



Fig. 4.13. High resolution micrographs from oblique view of (a) the as-etched ELTRAN® 
wafers and (b) the H 2 annealed ELTRAN® wafers 



Wafer recycling 

After splitting, residual porous silicon is removed from the seed wafer, which can 
then be recycled and put back into the ELTRAN® manufacturing process again 
and again. 



4.3.2 Cleanroom 

As stated earlier, in 1996 with the aim of announcing our bonded SOI wafers; 
ELTRAN® to the world, we expanded the diameter of the wafers to 8 inches, and 
in order to solve the particle problem we constructed a new manufacturing line in 
a class 1 cleanroom (see Fig. 4.15). By using a class 1 environment virtually free 
of particles, we managed to achieve a large reduction in HF defects as shown in 
Fig. 4.8, thus showing the intrinsic feature of SOI-Epi wafers™ whereby being 
COP-free results in few HF defects. 

Moreover, all of the equipment in the manufacturing line - including the anodi- 
zation equipment, the bonding equipment, the wafer-splitting equipment and the 
porous silicon etching equipment, which was developed independently by us - 
was made to be ‘cassette-to-cassette’ so that manufacture could be carried out 
automatically. 

In addition, when constructing our class 1 cleanroom we made use of filter 
technology in order to try to eliminate boron from the cleanroom [23,24]. 

First of all, SOI wafers were manufactured in a cleanroom equipped with con- 
ventional glass fiber high efficient particulate air (HEPA) filters, and the boron 
present at the bonding interface was measured using secondary ion mass spectros- 
copy (SIMS). The results of the measurements are shown in Fig. 4.16. It can be 
seen that the bonding interface is in the buried oxide film at a distance of 0.55 pm 
from the surface, and the amount of boron peaks here at 6x1 0 17 atoms/cm 3 . 
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Fig. 4.14. Scanning area size dependence of root-mean- square of the surface roughness 
(Rrms) measured by AFM. As-etched ELTRAN (open circles), commercially available sili- 
con wafer (triangles) and H 2 annealed ELTRAN (closed circles) are plotted. The annealing 
conditions are 1 150°C, 80 torr, 1 h in H 2 




Fig. 4.15. Ultra Cleanroom for ELTRAN® manufacturing [4] 



Next, three countermeasures were taken with the aim of suppressing the 
amount of boron. The first was to change the material in the ultra-low penetration 
air (ULPA) filters used in the cleanroom where the bonding was carried out from 
glass fiber - which was one of the sources of the boron - to polytetrafluoroethyl- 
ene (PTFE), in order to suppress the generation of boron in the cleanroom. The 
second countermeasure was to choose building materials that generate little boron, 
again in order to curb the amount of boron generated within the cleanroom. The 
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third countermeasure was to go one step beyond curbing the generation of boron 
within the cleanroom and to attach a chemical filter that adsorbs boron to the 
ULPA filter situated between the cleaning equipment and the bonding equipment, 
the aim being to decrease the amount of boron adsorbed onto the wafer surface. 

In this way, the cleanroom was environmentally controlled against chemical 
contamination. The amounts of boron, phosphorous and the like in the cleanroom 
were compared to those in other environments. Specifically, the targets of the 
comparison were the outside air in Hiratsuka City in Kanagawa Prefecture, the air 
in a cleanroom equipped with a conventional boron glass fiber HEPA filter, and 
the air in the newly constructed cleanroom equipped with the above-mentioned 
PTFE-ULPA filter and chemical filter. The measurements were carried out using 
inductively coupled plasma mass spectroscopy (ICP-MS) on samples collected us- 
ing an impinger. It was found that in the cleanroom equipped with the boron- 
containing glass fiber HEPA filter, the boron level in the air was 0.08 ng/1, 
whereas in the cleanroom equipped with the PTFE-ULPA filter and the chemical 
filter, it was right down at the limit of determination (0.0003 ng/1). Moreover, the 
amount of boron detected in the outside air was 0.04 ng/1; since the amount de- 
tected in the conventional cleanroom was double this (0.08 ng/1), this supports the 
theory that extra boron was being generated in the conventional cleanroom. 

The amount of boron present at the bonding interface of an SOI wafer bonded 
in the cleanroom for which the above-mentioned countermeasures had been taken 
was analyzed in the same way as for Fig. 4.16. Specifically, after adsorbed boron 
had become trapped in the buried oxide film, the amount of boron was measured 
in the depth direction using SIMS. The results are shown in Fig. 4.17. It can be 
seen that the amount of boron at the bonding interface (situated at a depth of 0.35 
pm) has been successfully reduced to less than one hundredth of that for the case 
of the conventional cleanroom; there has been a dramatic decrease in the amount 
of boron, with a peak of only 5x1 0 15 atoms /cm 3 at the bonding interface. It is 
thought that the reduction in the concentration of boron in the air in the cleanroom 
resulted in a reduction in the amount of boron adsorbed onto the wafer surface just 
before the bonding process, resulting in a reduction in the concentration of boron 
present at the bonding interface. 

Once the amount of boron had been reduced sufficiently, the existence of phos- 
phorus at the bonding interface became apparent. When a high-resistance wafer is 
used as the handle wafer, the presence of this phosphorus results in as much as a 
100-fold decrease as in the resistivity of the handle wafer at the bonding interface; 
when a high-frequency circuit is formed on the SOI layer, there is thus a degrada- 
tion of the circuit characteristics. When bonding is carried out in the current clean- 
room equipped with a chemical filter, this phenomenon cannot be sufficiently pre- 
vented. The drop in the resistivity has thus been prevented by technical 
improvements in the bonding process, and it has been confirmed that the high re- 
sistance of 6000 Qcm of the handle wafer is now maintained even after manufac- 
ture of the SOI wafer. 

As explained above, by using a class 1 environment with virtually no particles 
and suppressing the generation of boron using a chemical filter and the like, a re- 
duction in both HF defects and interface boron has been achieved. 
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Fig. 4.16. Depth profile of boron concentration around the bonding interface bonded in a 
conventional cleanroom 




Fig. 4.17. Depth profile of boron concentration around the bonding interface formed in a 
boron-free cleanroom 



4.4 Product quality 

Wafers manufactured using the current method can be made to have any of a wide 
range of SOI layer and BOX layer thicknesses, and are excellent in terms of sur- 
face flatness, uniformity of the layer thicknesses, and other aspects of product 
quality. The thicknesses of the SOI layer and the BOX layer can be controlled to 
be anywhere from 27 nm down to a few nm, with a uniformity of better than ±5%. 
In actual practice, 4-8 inch diameter SOI wafers are being produced in a specially 
designed ultra-cleanroom. 
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Table 4.1 shows a list of parameters that are extremely important to SOI prod- 
uct quality, along with the corresponding values for ELTRAN® wafers and the 
1999 International Technology Roadmaps for Semiconductors (ITRS) data of the 
US Semiconductor Industry Association (SIA). 

The surface micro-roughness R A is of the order of 0. 1 nm regardless of whether 
the splitting method or the grinding method is used to produce ELTRAN® wafers. 
The surface on the ELTRAN® wafer is smoothed by annealing in a hydrogen at- 
mosphere in place of polishing, which is used in the final process of not only 
conventional silicon wafers but also the other SOI wafers. This is also clear from 
the SEM photographs of Fig. 4.13 taken before and after the hydrogen annealing. 

Moreover, it can be seen from Table 4.1 that with ELTRAN® SOI wafers an 
extremely low level of HF defects (which are said to be fatal to such wafers) of 
less than 0.05 cnf 2 has been achieved. This is because of all types of SOI wafers 
ELTRAN® is the only SOI type which uses an epitaxial layer as the active layer, 
and because there are no COPs (crystal growth defects that occur during the bulk 
pulling). 



Table 4.1. ELTRAN® quality in comparison with 1999 SIA-ITRS 





1999 SIA-ITRS 
(Fully Depleted) 


ELTRAN 


Thickness (SOS/BOX) [nm] 


30^0/200-400 


100/100 


LLS [/wafer] 


42 


21.0 


Atsoi +A- [%] 


+/— 5 


+/- 237 


Ateox U- [%] 


+/- 5 


+/- LOO 


Surface Roughness/ R A 
1pm x 1 pm [nm] 


(0.1-0.15) 


0.107 


HF Defect [cm -2 ] 


0.064 


0,032 


Secco Defect [em -2 ] 


2E6 


434 



The density of SEDs for the ELTRAN® SOI wafers is a few hundred per cm 2 , 
which is significantly better than the SIA-ITRS standard value. This low density 
of SEDs has been achieved through the improvement in the technique for closing 
up the pores in the surface of the porous silicon as described earlier in Sect. 4.3.1. 

The minority carrier lifetime was measured for a number of wafers by the 
photoconductivity decay method with the finite difference method (see Fig. 4.18) 
[25]. For the ELTRAN® Epi-B-SOI wafer, a lifetime of a few hundred microsec- 
onds was obtained throughout the whole of the thin-film SOI layer. A drop in the 
lifetime is observed near the SOI/BOX interface, this being due to the effects of 
recombination at this interface. Most recently, it has been reported that a “pure” 
1/f noise characteristics is observed in partially depleted floating-body SOI MOS- 
FETs fabricated on ELTRAN® wafers, while the floating-body-induced pre-kink 
excess noise is found in the device simultaneously formed on the other commer- 
cially available bonded SOI, as shown in Fig. 4.19 [26]. The difference is stated to 
reflect the high quality in the starting material, since the surface and active SOI 
layers in ELTRAN® are formed by epitaxial growth and hydrogen annealing. 
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With regard to contamination in silicon wafers and, in particular, analysis of 
metals, in the past there has been a debate concerning contamination by metals 
only at the surface. This is surely because with normal silicon wafers, only slicing, 
lapping, etching, polishing and surface treatment that does not involve heating are 
carried out after the crystal pulling, meaning that there is no opportunity for metal- 
lic contaminants to find their way into the interior of the wafer. However, in the 
case of SOI wafers, regardless of the manufacturing method used, there is the pos- 
sibility of contaminants being drawn into the wafer from the outside; moreover, 
since heat treatment at a temperature of above 1000°C is required, there is also the 
problem of contaminants diffusing into the wafer. 
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Fig. 4.18. Minority carrier lifetime in various SOI wafers [25] 




Fig. 4.19. Drain bias dependence of equivalent input-referred gate noise power spectra in 
PD floating-body SOI NMOS devices (without body contact) fabricated on ELTRAN® 
(left-hand side) and the other bonded SOI (right-hand side). The dotted line shows an ideal 
1/f spectrum [26] (© 2000 IEEE) 

We thus carried out an analysis of metal contaminations inside our SOI wafers 
using our own special method. The wafer processing procedure used was as fol- 
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lows. Firstly, in order to eliminate the effects of surface contamination, the native 
oxide film on the SOI wafer surface was removed using an HF solution (usually 
the state of contamination at the surface is measured using such an HF solution). 
Next, the following step etching was carried out using an aqueous solution of HF 
and HN0 3 : 1) 80 nm of the SOI layer; 2) 20 nm of the SOI layer +100 nm of the 
BOX layer; 3) 80 nm of the handle wafer; 4) a further 80 nm of the handle wafer. 
When step etching in this way, control of the thickness etched is very important, 
since this affects the reproducibility of the measurements and of the minimum 
limit of detection. The amount of HF necessary for each stage of etching was thus 
calculated in advance in accordance with the wafer diameter, and then the etching 
was carried out using an aqueous solution containing this amount of HF along 
with HN0 3 . In this way, once the required thickness had been etched, the HF ran 
out and the etching automatically came to a halt. 



lla 



At 



Cr 




Fe 



Mi 



Cu 



10 16 










10 16 


- 








1015 


- 








1Ql«. 


101* 










10 15 




m 


m 


m 


1015 










10' 5 - 








T 


T 


10” 




▼ 


▼ 


▼ 


10“ 


T 








10”- 


10 1 * 





U 




Li 


10< 3 














10' 3 




L_ 


LJ 


LJ 


10 13 - 



0 200 400 

Deplh <nrn ) 



200 400 

Depth [nm} 



0 200 400 

Depth {nm} 



Zn 



0 200 400 

Depth (nm} 



Fig. 4.20. Results of inside metal concentration in ELTRAN® 



Concentration measurements were taken on the etching solution using ICP-MS 
and frameless atomic absorption spectroscopy (AAS). The results are shown in 
Fig. 4.20, which shows the distribution of the concentration of each of a number 
of elements in the depth direction of the wafer. Each bar corresponds to one of the 
etching stages, and the vertical axis shows the volume concentration. As a rough 
guideline, a volume concentration of 10 15 atoms/cm 3 corresponds to an area con- 
centration of about 10 10 atoms/cm 2 . A downward arrow indicates that the concen- 
tration for that bar was below the minimum limit of detection. It can be seen from 
the figure that for both the SOI layer and the BOX layer no element was present in 
a concentration of more than 10 15 atoms/cm 3 , showing that an extremely high level 
of purity is achieved with ELTRAN® wafers not just on the surface but also in the 
interior. 
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4.5 Mass Production 

As described above, we made good use of ultra-clean technology and adapted our 
manufacturing line to cope with 8-inch wafers. We then started mass production 
in 1997, making all of the 8-inch line equipment ‘ cassette -to-cassette’, in order to 
automate production. With the exception of the four pieces of equipment that we 
developed ourselves, namely the anodization equipment, the bonding equipment, 
the wafer-splitting equipment and the porous silicon etching equipment, all of the 
equipment was that which is used in normal semiconductor processes, meaning 
that the potential for mass production was good from the outset. The four pieces of 
equipment that we developed ourselves were all developed ultimately with the aim 
of making the production line fully automatic. With the anodization equipment 
and the etching equipment, the processing capacity was increased by means of 
batch processing. With both the bonding equipment and the wafer-splitting 
equipment, since the mechanical accuracy and the location accuracy are important, 
single wafer processing was adopted and efforts were made to reduce the process- 
ing time accordingly. In this way, the processing capacity of this equipment was 
made to be as good as or better than that which has already come of age in con- 
ventional semiconductor processes, thus making mass production possible. 

Another important factor that decides whether mass production is possible or 
not is the variation between wafers within lots and between lots. However high the 
processing capacity, if the wafer characteristics vary between wafers in a lot, be- 
tween lots or even across an individual wafer, then the product yield will drop 
markedly. Here we will focus in particular on the variation between the wafers be- 
tween lots of the thickness of the epitaxial silicon layer, the number of light point 
defects (LPDs) and the density of secco-etch defects. 

Figure 4.21 shows a graph of the trend in the thickness of the epitaxial silicon 
layer. The average thickness of each wafer and the variation in thickness across 
that wafer has been plotted for 450 wafers produced over a period of time. It can 
be seen that there was initially a lot of variation in the average thickness in a wafer 
relative to the target thickness of 180 nm, but the most recent 150 wafers show an 
extremely consistent value. This consistency was achieved by optimizing the sur- 
face of the porous silicon layer and improving the epitaxial reactor. The uniform- 
ity of the thickness across an individual wafer was extremely consistent right from 
the outset, with a good value of about 3~8 nm for the variation in thickness across 
a wafer being maintained throughout the set of 450 wafers. 

The number of LPDs is affected greatly by the operational stability of the 
equipment. When the equipment has just been started up, a lot of particles are pro- 
duced and these are detected as LPDs on the SOI wafer. As shown in Fig. 4.22, 
once operation of the equipment has settled down, a good figure of less than 50 
LPDs per wafer is maintained. 

The processing capacities of the various processes must be made such that no 
bottlenecks occur along the production line. If there is even one process that has a 
poor processing capacity, then this will determine the overall processing capacity, 
however much the processing capacities of the other processes are raised. 
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Moreover, making the product quality consistent is extremely important to the 
users of the SOI wafers, namely the device manufacturers. If the wafer thickness 
or the number of LPDs or other defects varies from year to year or month to 
month, then the device characteristics and yield are liable to be affected. An easy 
way of judging whether mass production is possible with a certain technology is 
thus to look at the processing capacities of each of the individual processes in- 
volved and the consistency of the product quality. 
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Fig. 4.21. Trend graph of epitaxial Si thickness and their uniformity in 450 wafers 




Fig. 4.22. Trend graph of particles on 150 ELTRAN® wafers 



4.6 Cost-Effectiveness 

In this section we will focus in particular on the wafer-splitting, recycling and re- 
usage techniques. 
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4.6.1 Cost Reduction Effects 



Reducing production costs is just as important for expanding the SOI wafer mar- 
ket as product quality. The ELTRAN® manufacturing process used up to the pre- 
sent involves making each SOI wafer by bonding a seed wafer to a handle wafer 
and then grinding, etching and so on. In order to make each SOI wafer, two start- 
ing wafers must thus be used. We have established a technique for recycling the 
seed wafers (which were always lost after the grinding and etching processes in 
the past), thus achieving a large reduction in costs [27]. 

The basic ELTRAN® concept of ‘split/recycle/reuse’ involves reusage of the 
seed wafer. It can be seen from the ELTRAN® manufacturing process that the 
seed wafer itself is ultimately not used in any part of the SOI wafer. This is a spe- 
cial feature of ELTRAN® wafers not found with other SOI wafers. It arises be- 
cause 1) the seed wafer is not used as the handle wafer, and 2) the SOI layer does 
not come from part of the seed wafer, but rather comes from the epitaxial layer. 
The special features of SOI-Epi wafers™ come to the fore all the more thanks to 
this technique for reducing the manufacturing costs. Turning to the handle wafer, a 
new handle wafer is put into the manufacturing process each time an SOI wafer is 
made, the epitaxial layer is also grown anew each time, and of course the ther- 
mally grown oxide film that becomes the BOX is formed anew each time by oxi- 
dizing the epitaxial layer. 

In this way, because each completed SOI wafer is always made entirely of new 
materials, even if the seed wafer is reused again and again there is no degradation 
in the product quality of the SOI wafers. 

The extent of the reduction in wafer material costs due to such repeated reuse 
of the seed wafers is estimated. The following equation represents the wafer mate- 
rial costs when the ‘seed wafer reusage ’ concept is used [7]. 



r = //4- s + "(”— ] > 

n 



(4.1) 



Here, Y is the SOI wafer material cost, H is the price of the handle wafer, S is 
the price of the seed wafer, R is the cost of reclaiming the seed wafer, and n is the 
number of times that the seed wafer is used. 

As n is increased, according to the above equation: 

Y-+H + R (4.2) 

In other words, the SOI wafer material cost becomes the price of the handle wa- 
fer plus the cost of reclaiming the seed wafer, and the original price of the seed 
wafer is essentially irrelevant. 

Figure 4.23 shows the graph of (4.1). Note, however, that the following as- 
sumptions have been made. 

• The SOI wafer production yield is 100%. 

• Process costs are not included. 

• Things like depreciation and labor costs are also not included. 
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In other words, only the cost of the starting wafers has been considered. The 
SOI wafer material cost depends greatly on the handle wafer specifications; this 
causes a change in the gray part of the graph. Regardless of the type of handle wa- 
fer used, the cost reduction effect is very large for each time the seed wafer is used 
up to 4 times. After that, the cost reduction effect upon reusing the seed wafer be- 
comes relatively small, with the cost asymptotically approaching the total of the 
price of the handle wafer and the cost of reclaiming the seed wafer as in Eq. 4.2. 




Cloning Cycle : n 

Fig. 4.23. Wafer material cost versus usage number of seed wafers. The cost greatly de- 
pends on the handle wafer material grade. The SOI wafer production yield is assumed to be 
100 % 



4.6.2 The Double Porous Silicon Layers 

We have already explained in Sect. 4.3 that a multi-layered porous silicon layer 
that consists of two layers of different porosity can easily be created by increasing 
the current in the middle of the anodizing process. The first porous silicon layer 
must have low porosity in order that the epitaxial silicon layer will be of high 
quality; the porosity of this porous silicon layer cannot be varied in order to im- 
prove the splitting. In other words, it is fair to say that optimizing the porous sili- 
con layer for splitting is purely down to optimizing the structure (i.e. porosity) of 
the second porous silicon layer [14-16,28]. Figure 4.24 shows the dependence of 
the porosity of the second porous silicon layer on the current density during ano- 
dization. It can be seen that it is possible to control the porosity of the second po- 
rous silicon layer to anywhere within the range 20-60% by changing the current 
density. 
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Fig. 4.24. The porosity in the second porous Si layer versus the current density during 
anodization 




Fig. 4.25. The porosity dependence on the current density with a constant HF concentration 
of 36.6 wt% 



The porosity (/?[%]) in the single porous silicon layers can be controlled by the 
current density (/ [mA/cm 2 ]), silicon resistivity (R [£2cm]) and HF concentration 
(C H f [wt%]) [29,30]. Our experimental results are shown in Fig. 4.25 and Fig. 
4.26. 

It was found that the porosity was proportional to the fourth root of the current 
density. However, it was inversely proportional to the HF concentration. This rela- 
tionship is consistent with [5] and [6], and is expressed from our experiments as 
follows: 



4 /7 

p = F(i,R,C HF ) = 500 x-f- (4.3) 

l hf 

where R is the constant value of 0.01 5-0.0 16[£2cm] by boron doping. 

The second buried porous silicon was formed by increasing the anodic current 
underneath the first surface porous silicon with low porosity, resulting in an enor- 
mous enlargement of pores in the secondnd one [14]. A new finding is that the po- 
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rosity (/? 2 ) in the second porous silicon is also affected by the porosity ( p x ) and the 
thickness (7i) of the first surface porous silicon and is described as follows: 

Pi ~ f[h > C hf >P\> h) (4.4) 

where C° HF is the HF concentration outside the pores, t is the thickness of porous 
silicon and the subscript number “1” and“2” mean the first and second porous sili- 
con layers, respectively. 

Figure 4.27 shows SEM micrographs of four kinds of double-layered porous 
silicon as a function of p u where t x is constant (-6 pm) under the same conditions 
for forming the second porous silicon layers. In the case of p x < p 2 (Figs. 4.27a 
and 4.27b), p 2 is reduced as p x is increased in spite of the same anodic condition, 
although in the case of p x > p 2 (Figs. 4.27c and 4.27d), p 2 is unchanged independ- 
ently of p x . The relationship of porosities in the two layers (p x and pi) is found to 
depend also on the thickness of the first porous layer (tj). It is found that p 2 in- 
creases with t x for p x < p 2 as shown in Fig. 4.28. However, p 2 is again constant in- 
dependent of t x for p x > p 2 as shown in Fig. 4.29. There is a critical porosity (/?*) 
of p x , which is defined as the porosity in the anodic condition for the second po- 
rous silicon layer without forming the first one. These results are summarized in 
Fig. 4.30. In this case p is measured to be 33%. In the case of p x larger than p*, p 2 
has an almost constant value of 33% independent of both the porosity and the 
thickness of the first porous silicon layer. In contrast, if p x is smaller than p*, the 
pore diameter in the second porous silicon layer depends inverse proportionally to 
the porosity and direct proportionally to the thickness of the first porous layer. It is 
speculated that the complicated pore configuration in the double porous layers 
could be affected by the exchanging rate of the anodic solution. The first pores act 
as channels to transport the reactive carriers like F” ions to the bottom of the sec- 
ond pores, where the anodic reaction is exclusively carried out. The first pore 
layer with a porosity smaller than the critical porosity (/?*) provides less reaction 
agents to the second pore layer. 

p 2 =F(i 2 ,R,d t HF )=500x&- (4.5) 

^ HF 

where C* HF depends on p x ,t x , p and C FF . 

As a result, the effective HF concentration at the far end of pores ( C * HF ) is re- 
duced in comparison with the original anodic solution. The wider reaction area is 
necessary to react with the fixed hole number as a lower HF concentration is 
available. That is the cause of pore enlargement according to the general phe- 
nomenon of the porous silicon. It is well known that low HF concentration results 
in the pore size enlargement as shown in (4.3), which we derived. According to 
this viewpoint, p 2 is also expressed in the same equation as the single-layered po- 
rous silicon using the effective HF concentration. 
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Fig. 4.26. The porosity dependence on the HF concentration with three different current 
densities of 8.15, 33.13 and 70.77 mA/cm 2 . Note that less anodic agents such as F ions 
provide larger sized pores 
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Fig. 4.27. High-resolution SEM micrographs of double-layered porous Si with different po- 
rosities (a) 23.3, (b) 28.5, (c) 39.3 and (d) 45.1% and a constant thickness of 6.1 pm of the 
first porous Si layer. Each lower micrograph shows the vicinity of the interface between the 
first and second porous Si layer. All second porous Si layers were formed under the same 
anodizing conditions of / 2 =33.1 mA/cm 2 , C° HF =36.6 wt% and anodizing time =80 s 




ELTRAN® Technology Based on Wafer Bonding and Porous Silicon 



133 




lOtTrTm 

(a) (b) (c) (d> 



Fig. 4.28. High-resolution SEM micrographs of double-layered porous Si with different 
thicknesses (a) 4.8, (b) 5.3, (c) 5.7 and (d) 6.1 pm and a constant porosity of 23% in first 
porous Si layers which were formed at 8.15 mA/cm 2 and four different times. Each lower 
micrograph shows the vicinity of the interface between the first and second porous Si lay- 
ers. All second porous Si layers were formed under the same anodizing conditions of 
z' 2 = 33.1 mA/cm 2 , C° HF =36.6 wt% and anodizing time =80 s 
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Fig. 4.29. High-resolution SEM micrographs of double-layered porous Si with different 
thicknesses (a) 4.0, (b) 5.1, (c) 5.5 and (d) 6.0 pm and a constant porosity of 45% in the 
first porous Si layers, which were formed at 120 mA/cm2 and four different times. Each 
lower micrograph shows the vicinity of the interface between the first and second porous 
Si. All second porous Si layers were formed under the same anodizing conditions of / 2 =33.1 
mA/cm2, C° HI f= 36.6 wt% and anodizing time =80 s 




134 K. Sakaguchi and T. Yonehara 



4.6.3 Stress in the Double Porous Silicon Layers 

The strain around the second porous silicon layer in the bonded wafer just before 
splitting was measured using micro-Raman spectroscopy for two wafers with sec- 
ond porous silicon layers of different porosity (40% and 50%). The porosity of the 
first porous silicon layer was the same in both cases. The Raman shift depth pro- 
files observed in both cases was similar. The results are shown in Fig. 4.31. It can 
be seen that the Raman shift showed the maximum negative value in the second 
porous silicon layer close to the interface between the two layers. Moreover, this 
shift was larger in magnitude when the porosity of the second layer was the higher 
of the two values. 




Fig. 4.30. The relationship between the porosities of the first and second porous Si layers 
with the thickness of the first porous Si as a parameter. The characteristics the porosity of 
the second layer are categorized in two situations on the boundary of the critical porosity 
(/>*) 
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Fig. 4.31. Raman.shift depth profile around the second porous Si with different porosities 
of 40% and 50% just before splitting 



ELTRAN® Technology Based on Wafer Bonding and Porous Silicon 135 



Cross-sectional SEMs of the region around the splitting plane for the two wa- 
fers (the seed wafer and the handle wafer) after splitting the bonded wafer are 
shown in Fig. 4.32. Roughly speaking, the first porous silicon layer ends up on the 
handle wafer side, while the second porous silicon layer remains on the seed wafer 
side. However, splitting occurs not exactly at the interface between the two layers 
but rather slightly into the second layer. The splitting plane corresponds to the po- 
sition of maximum negative Raman shift in the depth direction as shown in Fig. 
4.31. In other words, splitting occurs at the plane where the stress is at a maxi- 
mum. The magnitude of the Raman shift increases when the porosity of the second 
porous silicon layer is increased, which suggests that the higher this porosity is the 
easier it should be to consistently split the bonded wafer precisely at the place 
where the magnitude of the Raman shift is a maximum. 
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Fig. 4.32. Cross sectional micrographs of as-split wafers. The splitting plane is located 
around the interface between the first and second porous Si layers 



In this way, the porosity of the second porous silicon layer is an extremely im- 
portant factor in successfully restricting the splitting plane to be within a certain 
limited region. Figure 4.33 shows schematic drawings of the progression of the 
splitting plane for a single-layered porous silicon of uniform porosity and a dou- 
ble-layered porous silicon made up of two layers of different porosity. If the po- 
rosity is uniform throughout the porous silicon layer, then splitting can occur at 
any depth, meaning that the progression of the splitting plane cannot be controlled 
and cracks may reach as far as the seed wafer or the epitaxial layer. However, in 
the case of a double-layered porous silicon, splitting occurs close to the interface 
between the two layers, and so these layers act to protect the seed wafer and the 
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epitaxial silicon layer respectively, thus providing a definitive means for raising 
the yield. 

Next, with the aim of understanding the mechanism by which stress is gener- 
ated in the double-layered porous silicon consisting of two layers and the splitting 
mechanism, the stress values in the two layers were evaluated. An extremely ef- 
fective way of evaluating the stress value in a single-crystal layer is to measure the 
lattice spacing by X-ray diffraction. A double-crystal X-ray rocking curve has 
been already used in analyzing the stress in porous silicon [9]. In the case of dou- 
ble-layered porous silicon with different porosity, it is also necessary to detect the 
lattice strain between the layers, and so we used a 5 -crystal X-ray diffractometer 
having improved resolution. Above all else, in the case of ELTRAN® by splitting, 
gaining an understanding of the dynamic stress changes during the ELTRAN® 
process is the key to improving the splitting yield. 
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Fig. 4.33. Schematic drawings of crack propagation in double-layered porous Si and single- 
layered porous Si 

First of all, an investigation was carried out into the way in which the profile of 
the X-ray rocking curve (i.e. the lattice stress/strain) changes during the 
ELTRAN® manufacturing process. The results are shown in Fig. 4.34. In the po- 
rous silicon consisting of two layers of different porosity, before epitaxial growth 
the lattice spacing is extended in the direction perpendicular to the wafer surface, 
with the lattice spacing expansion factor in this direction for the second porous 
silicon layer (2.97x10 3 ) being about 1.5 times that for the first porous silicon 
layer (2.09x1 0” 3 ). After the epitaxial growth, the lattice of the porous silicon 
shrinks and the corresponding peaks in the rocking curve shift to the high angle 
side relative to the substrate peak; the contraction factor is now 1.32xl0“ 3 for the 
first layer and 1.76xl0 -3 for the second layer. The fact that the expansion of the 
lattice of porous silicon changes to a contraction on epitaxial growth was already 
known [3 1-35], but this is the first time that observations have been carried out on 
a double porous silicon layers with different porosity. Before the high-temperature 
heat treatment, the second porous silicon layer with the higher porosity is more 
expanded than that with the lower porosity and the lattice spacing is greater. But 
when the porous silicon is made to undergo the high-temperature heat treatment 
(in order to cause epitaxial silicon growth), the second porous silicon layer with 
the higher porosity contracts more than that with the lower porosity, with the lat- 
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tice spacing of the former shrinking by about 1.3 times as much as that of the lat- 
ter. This lattice expansion and contraction has been explained as follows [36]. 
Since the porous silicon is formed by anodizing in an HF solution, during the ano- 
dization hydrogen diffuses into the crystalline region of the porous silicon. This 
hydrogen causes stretching of the silicon-silicon bonds, explaining the lattice ex- 
pansion of the porous silicon. 




-0.15 -0.1 -0.05 0 0,05 0.1 0.15 

(o (degree) 



Fig. 4.34. X-ray diffraction rocking curves of each wafer before and after major ELTRAN® 
processes 

When the porous silicon is subsequently heat-treated, the first thing that hap- 
pens is that the hydrogen is desorbed and so the lattice spacing returns to its origi- 
nal value. Up to this point, the expansion and contraction of the lattice can be ex- 
plained purely by the adsorption and desorption of hydrogen. In order for there to 
be further contraction, however, another force must be at work. It is thought that 
this is probably the surface tension acting on the surfaces of the pores that accom- 
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panies minimization of the surface energy. In such a case, a lattice contraction of 
around 2~3xl 0” 3 has been measured, which agrees pretty well with the contraction 
factor observed in our case. 

The peak just to the low angle side of the peak corresponding to the first porous 
silicon layer in the rocking curve after the epitaxial growth is a signal from part of 
this layer; it is not the diffraction peak of the epitaxial silicon layer. It has been 
found that as the epitaxial layer is made thicker, the diffraction peak at the posi- 
tion corresponding to the substrate gets larger. In other words, the epitaxial layer 
must have the same lattice spacing as the substrate and so must be subject to no 
strain. 

There is virtually no change in the rocking curve profile upon surface oxidation 
of the epitaxial layer. Bonding and splitting are then carried out, and the first and 
second porous silicon layers go to the handle wafer side and the seed wafer side 
respectively. Evaluation must now be carried out for the two wafers separately. 
For both porous silicon layers, the diffraction peak due to the layers approaches 
that of the respective substrate, showing that there is very little residual stress. It is 
thought that this is because the internal stress in each of the porous silicon layers 
is released when the porous silicon layers are split from one another, and as a re- 
sult the lattice strain is eased. It was found that after this release of stress, the ‘in- 
plane stress’ (here and in the following ‘in-plane stress’ refers to the stress in a 
plane parallel to the wafer surface) dropped from 1.35xl0 9 dyn/cm 2 to 1.31xl0 8 
dyn/cm 2 for the first layer and from 1.90xl0 9 dyn/cm 2 to 2.88x10 s dyn/cm 2 for the 
second layer. 

The in-plane stress of the porous silicon layer is examined. The porous silicon 
is formed on the surface of a single-crystal silicon bulk wafer, and so there is vir- 
tually no freedom for the lattice to expand or contract in-plane. If one looks at the 
X-ray diffraction reciprocal lattice map, it can be seen that the in-plane lattice 
spacing varies to very little across the interface between the bulk wafer and the po- 
rous silicon layer. Expansion/contraction of the lattice is thus limited to the direc- 
tion perpendicular to the wafer surface. It was concluded from such X-ray diffrac- 
tion measurement results that the kind of stress that acts in the two porous silicon 
layers is as follows. 

If the porous silicon was in a free state not connected to the single-crystal sili- 
con bulk wafer, then it would expand/contract equally in all directions. However, 
in actual practice the in-plane lattice spacing of the porous silicon is regulated by 
the single-crystal silicon bulk wafer, meaning that the porous silicon receives in- 
plane stress from the single-crystal silicon bulk, and the in-plane lattice spacing 
becomes the same as that of the single-crystal bulk silicon. According to material 
mechanics, the relationship between the in-plane stress and the lattice spacing in 
the perpendicular direction can be expressed in terms of the Young’s modulus and 
the Poisson ratio of the material in question. In other words, if the lattice spacing 
in the perpendicular direction is determined from the angle of the X-ray diffraction 
peak, and in addition the Young’s modulus and Poisson ratio for the crystalline 
part of the porous silicon are known, then the in-plane stress can be calculated. Up 
to the present time, particularly in the case of porous silicon, the Young’s modulus 
has usually been discussed in terms of the relationship between the curvature of 
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the warp and the thickness [35,37]. In such a discussion, it is necessary to treat the 
porous silicon as being a homogenous medium. In other words, it is the average 
Young’s modulus for the pores and the crystalline silicon part that has been con- 
sidered in the past. However, the stress acts only on the crystalline silicon part, 
and so in the crystallographic discussion here we have decided to ignore the po- 
rosity and use the Young’s modulus of single-crystal silicon as the Young’s 
modulus of the porous silicon. The Poisson ratio, on the other hand, has been de- 
rived from X-ray diffraction results even in past discussions, and so we have de- 
cided to consider use the relationship between the Poisson ratio and the porosity as 
follows [35]: 



v = 0.278 -0.348/7 



(4.6) 



Here, v is the Poisson ratio and p is the porosity. 

Moreover, the lattice spacing can be determined from the X-ray diffraction an- 
gle as follows: 



d z 



= d 0 



0 \- 0 o 
tmO 0 y 



(4.7) 



Here, dz is the spacing in the porous silicon layer in the direction perpendicular 
to the surface, d 0 is the spacing in the single-crystal silicon bulk wafer in this di- 
rection, 0\ is the diffraction angle for the porous silicon, and # 0 is the diffraction 
angle for the single-crystal silicon bulk wafer. 

The stress a is represented using the basic equation of materials mechanics as 
follows. 



a = E 



d xy~ d z 



2 vd xy + {\-v)d z 



(4.8) 



Here a is the biaxial in-plane stress of the porous silicon layer, E is the 
Young’s modulus of the porous silicon layer, vis the Poisson ratio of the porous 
silicon layer, d xy is the in-plane lattice spacing of the porous silicon layer, which is 
equal to d 0 , and d z is the lattice spacing for the porous silicon layer in the direction 
perpendicular to the surface. 

For the Young’s modulus, the value for single-crystal silicon is used. The Pois- 
son ratio is determined from the porosity using (4.8) above. For d xv , the value d 0 
for the single-crystal silicon bulk wafer is used as explained above. d z is calculated 
from the X-ray rocking curve. In this way, it is possible to calculate the stress act- 
ing in-plane from X-ray diffraction angle measurements. 

The next thing investigated was the change in the stress for each of the porous 
silicon layers with the porosity of the second layer. Figure 4.35 shows the rocking 
curves after the epitaxial silicon surface oxidation process for each of a number of 
second layer porosities. It can be seen that when the porosity of the second layer is 
low at 23%, the peaks for the first and second layers more-or-less overlap, with 
very little separation between the two. However, as the porosity of the second po- 
rous silicon layer is raised, the peak for this second layer shifts to a higher angle; 
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in this case, there is virtually no change in the peak for the first porous silicon 
layer. For each of the second layer porosities, the in-plane stress for each of the 
porous silicon layers was calculated from the rocking curve using the above- 
mentioned method. The results are shown in Fig. 4.36, where the in-plane stress 
for each of the two layers is plotted against the porosity of the second porous sili- 
con layer. It can be seen that the in-plane stress for the second porous silicon layer 
increases linearly with the porosity of this layer. However, the in-plane stress for 
the first porous silicon layer is unaffected by the porosity of the second layer. This 
is because the porosity of the first layer is unaffected by the second porous silicon 
layer and is constant. This in turn is due to the special nature of the porous silicon 
reaction process. In the porous silicon, pores of diameter around 10 nm form at a 
spacing of about ten to a few tens of nm. During the pore formation, the regions of 
single-crystal silicon between pores become electrically depleted, meaning that the 
formation current is only provided to the far ends of the pores and the anodization 
reaction occurs here only. Once a region of porous silicon has been formed, it is 
no longer affected by the continuing anodization process. The structure, porosity 
and stress of each of the two porous silicon layers can thus be controlled inde- 
pendently of one another by means of the anodization current. 

The difference in stress between the first and second porous silicon layers 
causes distortion in a confined region around the interface between the two, caus- 
ing strain energy to accumulate and thus a high-energy state to be generated. Once 
splitting starts to occur in this region, the leading edge of the split progresses in 
such a way as to reduce the accumulated strain energy, and so the splitting plane 
remains close to the interface between the two layers. In other words, it is the ‘de- 
sire’ to reduce this strain energy that is the ‘driving force’ that makes splitting 
progress uniformly with the splitting plane remaining close to the said interface. 



4.6.4 Splitting with a water jet 

The bonded wafer is split near to the interface between the first and second porous 
silicon layers using a water jet [15,16,22]. We have tried a whole range of differ- 
ent splitting methods: thermal stress, oxidation from the edge of the porous sili- 
con, application of ultrasonic waves, insertion of a solid wedge and insertion of a 
fluid wedge using a water jet. Thermal stress had virtually no effect. Oxidation 
caused serious warping of the wafer. With ultrasonic waves, splitting across the 
whole wafer was possible, but reproducibility and controllability were poor. With 
both the solid wedge and the fluid wedge, splitting across the whole wafer was 
possible, but the solid wedge caused damage to the wafer, as will be described be- 
low. Considering all of the above, it was decided to adopt the water jet method. 
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Fig. 4.35. X-ray diffraction rocking curves of each wafer with different porosities of 23%- 
50% after the epitaxial surface oxidation process (©1999 IEEE) 



It is thought that when the bonded wafer is split using a water jet, the primary 
mechanism is not cutting but rather peeling by the fluid wedge produced by the 
water jet. The setup that we are currently using in actual practice involves a 
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straight water jet used only with high-purity water designed to be used in the 
manufacture of semiconductors. If the nozzle bore is made to be 0.1mm then split- 
ting with a jet pressure of 20-60 MPa is possible. 




Fig. 4.36. In-plane stress in the first and second porous Si layers as a function of the poros- 
ity in the second porous Si layers 



Let us now explain the theoretical background to water jets [38]. The basis of 
understanding a water jet is Bernoulli’s theorem. This is the energy conservation 
law of hydrodynamics, and can be expressed in the following equation: 



1 2 / 

— av + agh + p = const. 



(4.9) 



Here, a is the density of water, v is the flow velocity of the water, p is the water 
pressure, h is the height, and g is gravitational acceleration. According to this 
equation, the water hammer pressure can be expressed as follows: 



p w = acv 




(4.10) 



Here p w is the water hammer pressure and c is the speed of sound in water. 
Moreover, the quantity of flow is given as follows: 



Q = sv 




Here Q is the quantity of flow and s is the cross-sectional area of the nozzle. 
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Using the ‘fluid wedge effect’ of a water jet in the splitting of a bonded wafer 
can be expected to result in the superiority described below. The above-mentioned 
equations for the water hammer pressure and the quantity of flow are very impor- 
tant in that they lend theoretical support to this superiority. 

According to (4.10), the water hammer pressure when the diameter of the noz- 
zle is 0.1 mm is of the order of 0.24-0.43 N. This is insufficient to cut through a 
silicon wafer, which is why it is thought that the fluid wedge peeling effect is 
dominant in working to split the bonded wafer. Due to the ability of a fluid to 
change its shape, the water jet penetrates as far as the periphery of the bonding in- 
terface and causes a buildup of pressure, meaning that the water hammer pressure 
is felt across a broad region of the wafer periphery. Unlike with a solid wedge, 
there is not a single point of contact with the wafer edge, and so splitting can take 
place without stress being concentrated in one particular place, meaning that 
cracking of the wafer periphery can be prevented. 

Figure 4.37 shows stress measurements for the water jet and a solid wedge car- 
ried out using a finite element method simulator for the envisaged situation at the 
start of wafer splitting. In this model, the splitting force and the water hammer 
pressure exerted on the wafer by the solid wedge and the water jet, respectively, at 
the start of splitting were both made to be as close to the true situation as possible 
by using values obtained from experiments. Looking at Fig. 4.37, it can be seen 
that both the solid wedge and the water jet give a tensile stress of about 70 MPa 
around the periphery of the bonding interface, meaning that both generate more- 
or-less the same splitting force. Looking now at the extent to which the stress is 
concentrated on the wafer edge, however, it can be seen that because the solid 
wedge comes into contact with the wafer at essentially a single point but the water 
jet comes into contact with the wafer over a wider area, there is a point where the 
stress generated by the solid wedge is 10 times that generated by the water jet, 
showing that there is a much greater chance of cracking with the solid wedge. 

This pressure-dispersing effect of the water jet continues to apply throughout 
the splitting. When the fluid wedge is inserted, the force at which the water jet 
strikes the wedge is kept extremely low so that splitting just about manages to 
proceed along the plane where the internal stress is locally concentrated (i.e. close 
to the interface between the two porous silicon layers). This means that a pressure 
that is dispersed more-or-less equally across the whole of the splitting plane can 
be applied, and so splitting can be achieved without the exertion of excessive 
force. 

Another effect of the fluid being able to change its shape is that splitting can be 
achieved without causing warping of the wafer. As shown in Fig. 4.38, with the 
solid wedge the mechanism is such that splitting is made to proceed by applying a 
force to the wafer edge. This means that as the splitting proceeds, the wafer is 
forced to change shape excessively, and so there is a risk of damage, in particular 
to the thin-film SOI layer and the buried oxide film layer. In the worst cases, the 
wafer may even crack during splitting. Moreover, when the solid wedge is in- 
serted, it is bound to scrape the wafer at the place of contact, leading to problems 
such as scratches and the introduction of particles. 
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(a) Solid Wedge (b) Fluid Wedge 




Fig. 4.37. Stress simulation of bonded pairs just before splitting by (a) a solid wedge and 
(b) a fluid wedge 



(a) Solid-Wedge 



Solid -w-edge 



(b) Fluid-Wedge 
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Fig. 4.38. Schematic drawings and side view photographs during splitting the bonded pairs 
by (a) a solid wedge and (b) a fluid wedge 



With the water jet, on the other hand, the mechanism is such that the wedge is 
constantly changing in shape and so the pressure is exerted across the whole of the 
region where the splitting is proceeding. This means that the splitting can be made 
to proceed with virtually no deformation of the wafer. This will be extremely ad- 
vantageous when the diameter of wafers is increased to 300 mm as expected in the 
future. Furthermore, because pure water can be used in the water jet, not only is 
there no risk of the wafer being scratched as in the case of the solid wedge, but the 
problem of particles becoming stuck to the wafer is also solved. 

The amount of water used is extremely small, meaning that running costs can 
also be dramatically reduced. According to (4.1 1), only about 366 cm 3 of pure wa- 
ter is required to split an 8-inch bonded wafer. 
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Due to the above, we concluded that a water jet offered the optimum method 
for the bonded wafer splitting process, focusing on the ‘fluid wedge’ effect of the 
water jet in reaching this decision. 

Let us now discuss the bonded wafer splitting process. Since our wafers are 
disk-shaped, from the point of view of the efficiency of the splitting process we 
decided to adopt a setup whereby the bonded wafer is clamped in a rotating holder 
and the water jet is projected while rotating the wafer. Figure 4.39 shows a sche- 
matic diagram of this setup, while Fig. 4.40 shows a photograph taken from the 
side during splitting. Due to the rotation, the splitting plane progresses in a spiral 
fashion. In order to control the progression of the splitting plane, the nozzle is 
gradually moved from the wafer periphery towards the center. This means that the 
splitting region can be prevented from progressing unnecessarily, and so by incor- 
porating a sequence whereby the nozzle is gradually moved towards the center of 
the wafer while controlling the splitting region, spiral splitting of high reproduci- 
bility can be achieved. Figure 4.41 shows a graph of measurements of the size (di- 
ameter) of the region yet to be split while moving the nozzle from the periphery of 
the bonded wafer towards the center. At any given time the region yet to be split is 
circular. It can be seen from Fig. 4.41 that due to the way in which the nozzle is 
made to progress the diameter of the region yet to be split decreases linearly; in 
this way the progression of the splitting plane is controlled. 



z 




Fig. 4.39. Schematic drawings of splitting sequence 
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Fig. 4.40. Side view photograph during splitting [39] 




Nozzie position in X-axis [mm] 



Fig. 4.41. Relationship between nozzle position and non-splitting area 



Since such a splitting process was to be introduced into the ELTRAN® manu- 
facturing process, the equipment involved was developed while focusing on the 
following two points: 
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1 . The accuracy of the equipment must be such that the wafer splitting is repro- 
ducible. 

2. The equipment must be suitable for use in the ELTRAN® manufacturing proc- 
ess in terms of cleanliness. 

When carrying out automatic processing of a number of wafers, if the way in 
which the water jet strikes the bonded wafer varies greatly, then the splitting may 
not be reproducible. In terms of the equipment accuracy, controlling the position 
of the nozzle and the bonded wafer in the direction perpendicular to the wafer sur- 
face is thus very important. 

Moreover, of processes in the field of semiconductors, the ELTRAN® manufac- 
turing process is particularly sensitive to particles. Most of the individual proc- 
esses involved in the ELTRAN® manufacturing process are thus carried out in a 
class 1 cleanroom. When putting the equipment into the ELTRAN® cleanroom, 
various measures against particles and contamination were taken. 

The mass production version of the water jet equipment (which uses the ‘cas- 
sette-to-cassette’ method) is shown in Fig. 4.42. The equipment consists of a wa- 
fer aligner, a wafer-flipping part, a wafer-cleaning part, a splitting chamber, a 
loader for bonded wafers and two unloaders for each of the split wafers, with a 
double-arm robot. The chamber contains a splitting part equipped with a rotating 
holder as described above. By combining such measures as high accuracy and 
cleanliness, it was possible to make the water jet splitting equipment such that it 
could be withstand being used in the ELTRAN® manufacturing process. 




Fig. 4.42. Custom-made automated water-jet splitting machine 
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Thanks to the precise control of the stress in the porous silicon and the fluid 
wedge effect of the water jet described above, a bonded wafer splitting yield of a 
consistently high value has been realized even for the case that each seed wafer is 
used three times, and in fact it has even become possible to use each seed wafer a 
fourth time. 

Table 4.2 shows a list of parameters that are extremely important to the product 
quality of SOI wafers and the corresponding values for ELTRAN® wafers. The 
ELTRAN® product quality achieved in the past is shown along with that for three 
generations of ELTRAN® wafers made using the current splitting/recycling proc- 
ess. It can be seen that the numbers of HF defects for the three generations of wa- 
fers made using the current process (0.037, 0.043 and 0.023/cm 2 respectively) are 
all under 0.05/cm 2 . Moreover, the numbers of secco-etch defects are 440, 764 and 
692/cm 2 respectively, figures that are comparable to that obtained in the past. It 
can thus be seen from Table 4.2 that the product quality of the ELTRAN® wafers 
produced using the current splitting/recycling process is by no means inferior to 
that achieved in the past. It can also be seen that there is no degradation in product 
quality even if splitting and recycling of the seed wafer is carried out repeatedly. 
This is due to the basic ‘seed wafer re-usage’ concept unique to ELTRAN®. Be- 
cause ELTRAN® wafers, regardless of the generation, always consist of a handle 
wafer that is introduced into the manufacturing process anew every time and an 
epitaxial silicon layer that is grown anew every time (along with an Si0 2 layer 
formed by thermal oxidation of the surface of this epitaxial silicon layer), it has 
been possible to realize manufacture of ELTRAN® wafers with a consistently high 
product quality. 



Table 4.2. ELTRAN® quality by water jet splitting up to the third generation. 





ELTRAN* 


Water Jet 
first 


Water Jet 
second 


Water Jet 
3rd 


Thickness (SOI/BOX) 
N 


100/100 


100/100 


100/100 


100/100 


LPD [/wafer] 


21.0 


19.4 


32.8 


21.4 


At S0| +/-[%] 


+/- 2.37 


+/-2.21 


+/- 2.68 


+/- 2.67 


Ai box +t ~ [ % J 


+/-1.00 


+/-L08 


+/- 1.05 


+/- 0.80 


Surface Roughness/ Ra 
1 pm x 1 pm [nmj 


0,107 


OJ06 


0J01 


0.121 


HF Defect [cm-2] 


0.032 


0.037 


0.043 


0.023 


Sec co Defect [cm-2] 


434 


440 


764 


692 
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4.7 Potential 

We first reported that we had successfully smoothed our SOI wafers by hydrogen 
annealing to achieve a surface roughness comparable to that of commercially 
available silicon wafers in 1994 [7,40]. However, silicon etching during the hy- 
drogen annealing causes degradation of the uniformity of the thickness of the SOI 
layer, and so it is necessary to restrict the amount of such etching. The rate of such 
etching is greatly affected by factors such as the equipment setup and the purity of 
the gas. Figure 4.43 shows a comparison between the case where the hydrogen 
annealing was carried out in an epitaxial reactor (single-wafer type or barrel 
shaped batch type) and the case where it was carried out in a vertical type hydro- 
gen annealing furnace. It can be seen that the rate of etching during the hydrogen 
annealing was dramatically suppressed in the case of the vertical-type hydrogen 
annealing furnace compared with the case of the epitaxial reactors, specifically to 
0.0013 nm/min at 1050°C and to 0.0022 nm/min at 1100°C. This difference in the 
rate of etching can be explained by the difference in gas flow across the surface of 
the SOI layer for the two types of device. In the epitaxial growth devices, the hy- 
drogen constantly flows parallel to the wafer surface. Therefore, the products from 
the reaction between the silicon of the SOI surface and the hydrogen or the small 
amount of oxygen and water present in the hydrogen are rapidly removed from the 
wafer surface by this gas flow. This means that the silicon etching reaction always 
proceeds at the wafer surface. With the vertical type annealing furnace, on the 
other hand, the gas only flows past the sides of the wafer, with there being no in- 
tentional gas flow over the wafer surface. This means that the concentration of the 
reaction products rises up to the saturated concentration around the wafer surface, 
after which the reaction products diffuse away from the wafer only on account of 
the concentration gradient. This is the reason why the rate of silicon etching can 
be kept so low with the vertical type annealing furnace. As a result, the reduction 
in the thickness of the SOI layer during the hydrogen annealing is kept to below 1 
nm, and as shown in Fig. 4.44 it is possible to manufacture a 6-inch wafer with an 
extremely thin SOI layer of average thickness about 27 nm such that this thickness 
is uniform to the extent that the standard deviation a is only lnm. The uniformity 
of the SOI layer thickness is thus determined almost exclusively by the uniformity 
of the thickness of the epitaxial silicon layer, i.e. it is more-or-less unchanged dur- 
ing the hydrogen annealing. The thickness uniformity of the epitaxial silicon lay- 
ers produced by epitaxial reactors is being continually improved, due to the de- 
mands not only of SOI but of all silicon processes, and there has been a report that 
a film thickness uniformity better than ±1% has been achieved with an epitaxial 
reactor designed to be used with 300-mm silicon wafers [41]. It is expected that as 
wafers of larger and larger diameter are produced, there will be further improve- 
ments in the thickness uniformity. 




150 K. Sakaguchi and T. Yonehara 




Fig. 4.43. Si consumption by H 2 annealing in the epitaxial reactor versus the vertical-type 
furnace 




H 


30.3 pm. 


HI 


39.7 nm. 




39.1 nm. 


H 


29.4m. 


H 


271 «n 


Hi 


373 m, 


■1 


29.4 m. 


H 


24.9 m. 


H 


34.3 m. 


IH 


24.9 m. 



Xpos 

Value - 25.6 nm. 



Tdooo iwas 
Mnljnti: 24 D nm 
Mi.urriR 30 3 m. 
D 0*100 0 > 00 % 
0.0 nm. ~ 0p» 




Frt#am*:0730W.M.TF1 
Edg*&ci 40 mm 
- Aiwf ft »t - 
Aug: 27.1 m. 

910: I Uiwv 
NU; 3 44 1 

m 10.1 l 

Bo* 40 3 l 
W*p 40 l 



Fig. 4.44. The thickness uniformity in a 27 nm-thick SOI wafer (150 mm diameter) [4] 



As described above, ELTRAN® wafers are SOI-Epi wafers™ having the spe- 
cial feature of being COP-free. The low density of HF defects attests to this spe- 
cial feature. Nevertheless, the number of HF defects increases when the HF solu- 
tion permeates into any weak points in the SOI layer, and so it is expected that the 
number of such defects should vary according to the thickness of the SOI layer. 
Figure 4.45 shows the change in the number of HF defects with the thickness of 
the SOI layer of the ELTRAN® wafer. It can be seen that an extremely high prod- 
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uct quality of only about 0.03 HF defects/cm 2 is maintained for an SOI layer 
thickness right down to 1 00 nm. It can also be seen that even in the case of an ul- 
tra-thin SOI layer of thickness only 50 nm, a low HF defect density of 0.06 /cm 2 is 
maintained. This shows that we have already achieved a product quality - in terms 
of both thickness uniformity and an HF defect density of 0.04-0.06 /cm 2 or less - 
that will answer to the needs of the new era of ultra-thin films of thickness 
25-40 nm, this thickness being the 1999 target for the partially depleted type indi- 
cated in the SI A Roadmap and the 2009 target for the fully depleted type. 

Another aspect of the SOI crystal product quality is the density of secco-etch 
defects. We have achieved a satisfactory level of such defects even when the SOI 
layer thickness is only 50 nm. 

Device characteristics that attest to the extremely good SOI layer thickness uni- 
formity and high crystal product quality of ELTRAN® wafers are shown in Fig. 
4.46 [42]. When the gate length drops below 0.1 pm, the threshold value starts to 
roll off and the S -value starts to worsen due to short channel effects. One way of 
suppressing these things is to use ultra-thin film MOSFETs. Figure 4.46 shows the 
change in the threshold voltage and the S-value plotted against the gate length for 
a 4 nm ultra-thin film MOSFET. It can be seen that, because of the ultra-thin film 
MOS, the rolling off of the threshold voltage and the deterioration in the S- value 
as the gate length is reduced are suppressed. In order to achieve these goals, it be- 
comes very important that the ultra-thin film is highly uniform in thickness. 
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Fig. 4.45. SOI thickness dependence of HF defects 

The use of conventional equipment - an epitaxial reactor and a heat treatment 
furnace - means that it easy for the ELTRAN® manufacturing method to be ap- 
plied to larger-diameter wafers. As explained earlier, the anodization equipment, 
the bonding equipment, the splitting equipment and the etching equipment were 
developed by us independently. We have already made it such that this equipment 
can handle 300 mm-diameter wafers, and in fact have already demonstrated that 
the equipment can be used with such large wafers by actually manufacturing 
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300 mm ELTRAN® wafers (see Fig. 4.47). Moreover, we achieved a high thick- 
ness uniformity 147±1.6 nm as shown in Fig. 4.48 [43], that is better than that of 
our 200 mm wafers. 
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Fig. 4.47. 300 mm-diameter ELTRAN® Wafer 
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4.8 Conclusions 

Since ELTRAN® wafers are COP-free SOI-Epi wafers™, they have an extremely 
low density of HF defects. Moreover, due to a combination of the extremely good 
epitaxial silicon layer thickness uniformity, selective etching of the porous silicon 
with remarkably high selectivity, and a dramatic reduction in the amount of silicon 
etching that occurs during the hydrogen annealing of the SOI surface, ELTRAN® 
wafers also have SOI layers of highly uniform thickness. As a result, even wafers 
with an SOI thickness of only 27 nm show a good thickness uniformity. We have 
put the equipment used in the ELTRAN® manufacturing process in a boron-free 
class 1 cleanroom, and have managed to automate all of the equipment and com- 
pleted the other preparation necessary for mass production. In this way, we have 
managed to prevent variation in product quality. Moreover, there are no new tech- 
nical problems in scaling up the manufacturing process to 300 mm-diameter wa- 
fers. 

Research and development into ELTRAN®/SOI-Epi wafers™ was started in 
1990, and now we are on the verge of reaching the mass production stage. At the 
mass production stage, product quality and costs will be important factors. We 
have thus developed wafer splitting/recycling technology based on a ‘seed wafer 
reusage ’ concept unique to ELTRAN® wafers. In addition, we have taken a fresh 
look at porous silicon - which has always been a key material of ELTRAN® wa- 
fers - from the standpoint of internal stress, and succeeded in creating stress/strain 
energy in a limited region close to the interface between two porous silicon layers 
of different porosity. We have also established a new wafer-splitting technology, 
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first devising and developing a special splitting method that makes use of a water 
jet and then carrying out our own equipment development. 

In the future, in order for SOI to enter into the domain of mainstream CMOS 
and become widely used in logic devices, analog devices, memories and systems 
on chips, a product quality comparable to that of bulk and epitaxial wafers will be 
required, and it will be necessary to set the price at a reasonable level whereby 
sufficient device development can be carried out. At the same time, it will be nec- 
essary to allow the risk associated with the R&D activities and prior investment of 
the SOI wafer producers. A setup for the supply of wafers is indispensable to the 
mass production of SOI devices, and with regard to such a setup we are now ap- 
proaching a time for careful consideration of timing, scale and form from a busi- 
ness strategy viewpoint. In other words, it is SOI wafer manufacturers and device 
manufacturers joining forces and working together to build a mass production 
setup that will lead to an expansion of the SOI market. 
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5 Wafer Bonding for High-Performance Logic 
Applications 
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5.1 Introduction 

Shrinking the metal-oxide-semiconductor field-effect transistor (MOSFET) 
beyond the 50 nm technology node requires innovations to circumvent barriers 
due to the fundamental physics that constrains the conventional MOSFET. These 
innovations generally fall into two categories: new materials and new devices. 
Figure 5.1 depicts one view of the possible path of technological progress starting 
from present day 100 nm feature size technology [1,2]. In many instances, these 
new materials and new devices require new fabrication processes to enable their 
use. 

While there are a variety of materials and devices being considered, a trend that is 
becoming increasingly clear is the need to incorporate many different materials on 
multiple material layers on the same technology platform. These include 
crystalline as well as non-crystalline materials. Active device layers are typically 
formed from crystalline materials. Two commonly used methods of forming 
crystalline materials on non-crystalline materials are selective epitaxial lateral 
overgrowth [3] and laser- [4] or seed [5]/catalyst [6] -induced re-crystallization. 
These methods generally require a significant thermal budget that may not be 
practical for many device applications. In addition, the quality of the laterally 
overgrown or re-crystallized materials is generally inferior to materials grown 
from bulk crystal growth. 

Wafer bonding presents the option of combining bulk crystalline quality 
material with non-crystalline material using a low thermal budget [7]. It also 
introduces the opportunity of layering materials with very different lattice 
constants and other material properties (e.g., Ill— V compound semiconductors on 
silicon) on the same substrate. Both opportunities offer the possibility of building 
new device structures and new material stacks not otherwise possible. 

This Chapter provides an overview of applications of wafer bonding for 
fabricating materials and devices for high-performance logic applications. Three 
major areas are covered. The creation of novel device structures is illustrated 
using the double-gate field effect transistor as an example. The development of 
novel materials is described in the section on strained silicon-on-insulator 
material. Finally, methods and examples of integrating completed device layers in 
a three-dimensional fashion are described in the last section. 
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Fig. 5.1 Technology features and their progression projected for the next 30 years 



5.2 Novel Device Structures - 
Double-Gate Field Effect Transistors 

Control of the short-channel effects [8] of the double-gate field effect transistor 
(DGFET) is accomplished by the physical geometry (the thin silicon channel with 
nearby gates) [9] as opposed to conventional bulk silicon MOSFETs [10] where 
channel and halo dopings are used to control the short-channel effects. This 
enables the gate length of the FET to scale below 15 nm while maintaining 
reasonable leakage currents [11]. Furthermore, the proximity of the gate electrode 
to the conducting channel allows an effective coupling of the gate potential to the 
channel potential, resulting in the ideal 60 mV/decade subthreshold device turn- 
off characteristics. From an electrodynamics point of view, the low-doped 
conducting channel results in a low normal electric field in the channel, which 
minimizes carrier mobility degradation due to surface potential fluctuation 
(surface roughness scattering). All these attributes make the DGFET an ideal 
candidate for the ultimately scaled FET. 

The fabrication of the ideal double-gate FET is very difficult. The key 
requirements [1] of the device structure include a uniform, thin silicon channel to 
control short channel effects, a thick source/drain fan-out structure to reduce series 
resistance, and a set of gates that are perfectly aligned to each other and to the 
source/drain doping and fan-out, in order to reduce overlap the capacitance and 
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series resistance of the un-gated region. In general, the DGFET may be fabricated 
with any of the three orientations depicted in Fig. 5.2. 
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Fig. 5.2 Three possible topologies of the double-gate FET. Adapted with permission from 
Wong et al. [12] (© 1997 IEEE) 



The planar structure (Type I) has the advantage of good silicon channel 
thickness uniformity because the film thickness in the plane of the wafer has the 
best uniformity and controllability. However, the fabrication of a back-gate and a 
thin gate dielectric underneath a single-crystal silicon channel is challenging. In 
addition, accessing the back-gate from the top surface for device wiring is not 
straightforward, and may reduce the device density. The non-planar structures 
(Types II and III) allow for easier access and formation of both gates (and a wrap- 
around gate) on crystalline channels with thin gate dielectrics. On the other hand, 
the channel thickness is defined by lithography and patterning techniques and may 
therefore have poorer uniformity than planar films. Given the focus on very short 
channel devices, the silicon channel thickness must be less than 10-20 nm and 
very uniform. With this requirement in mind, the Type I planar structure is 
particularly attractive. In the discussions that follow, we give examples of DGFET 
fabrication in the Type I configuration by wafer bonding techniques. These 
DGFETs are essentially three-dimensional devices that require complex 
engineering of the device structure. In the first example, wafer bonding is 
employed to embed the back-gate with the back-gate oxide between the silicon 
channel and the silicon substrate (see Fig. 5.3) [13,14]. The process starts with an 
SOI wafer, thinned to appropriate thickness by oxidation. The back-gate oxide and 
the back-gate are patterned similarly to a conventional CMOS process. A thick 
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dielectric (Si0 2 ) is then deposited on the back-gate, planarized, and then bonded to 
a silicon handle wafer. 
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Fig. 5.3 Schematic diagram (a), (c) and cross-section SEM micrograph (b), (d) of non-self- 
aligned double-gate FET. Adapted with permission from Tanaka et al. [14], (© 1994 IEEE 
)(a), (b), and Tanaka et al. [13], (© 1991 IEEE) 



The silicon substrate and buried oxide of the original SOI wafer are removed to 
reveal the silicon channel top surface. With the patterned back-gate already in 
place, the remainder of the process flow is identical to a conventional CMOS 
process flow with the additional requirement that when the top gate is patterned, 
the top gate is aligned lithographically to the back-gate underneath. To accomplish 
this alignment, a proper alignment mark is formed at the same time the back-gate 
is patterned prior to bonding the wafers together. This “flip-and-bond” approach, 
although simple, lacks the alignment accuracy required for the top- and back-gates 
for high circuit performance due to the inherent series resistance and overlap 
capacitance caused by the lithography overlay tolerance [15]. Due in part to the 
simplicity of the process, this was one of the first reports of double-gate FET 
circuits - working ring oscillators in a 0.2 pm ground rule. 

In the following examples, wafer bonding is performed on the unpatterned 
wafer to (1) obtain good silicon channel thickness uniformity, (2) achieve high 
bond strength, and (3) enable economy of scale by batch processing of the starting 
wafer. In addition, self-aligned processes are employed to register the top and 
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back gates with the source and drain dopings to reduce parasitic series resistance 
and overlap capacitance. 




Fig. 5.4 Summary process flow for the PAGODA DGFET. (a) Back gate stack patterning 
and planarization, (b) Front gate stack patterning and planarization, (c) S/D patterning, 
spacer formation, and S/D silicidation. (d) Back gate undercut, gate contact formation, and 
tungsten CMP to form self-aligned plugs. Adapted with permission from Guarini et al. [16], 
(© 2001 IEEE) 

First we present the Pagoda DGFET, named after the shape of the resulting 
structure. Wafer bonding is used to put the back-gate material and back gate 
dielectric in place beneath the thin planar silicon channel before device fabrication 
[16,17]. The wafer preparation starts with the growth of the thin back gate 
dielectric (Fig. 5.5a) and the deposition of the polysilicon back-gate on a silicon- 
on-insulator (SOI) wafer, followed by deposition of a low-temperature oxide 
(LTO) of about 400 nm thickness. The LTO is polished by chemical mechanical 
polishing (CMP) to achieve a smooth surface (RMS roughness < 0.5 nm) 
subsequent hydrophilic wafer bonding to a silicon handle wafer (Fig. 5.5b). 
Locating the bonding interface well below the active device region (see Fig. 5.5e) 
is advantageous for the following reasons: (1) a suitable surface is provided for the 
bonding the wafer to the handle wafer, (2) any imperfections of the bonding 
process (stress fields, minor voids, embedded particles, interface charges) will not 
affect the active device, and (3) subsequent fabrication steps that etch to a level 
below the silicon channel will not expose the bonding interface, thereby avoiding 
the possibility of delamination of the bonded substrate. 

The wafers are joined at room temperature and subsequently annealed to secure 
the bond, which must withstand the full fabrication sequence of the DGFET, 
including repeated thermal and chemical treatments. The bonding anneal 
temperature (1050°C) is optimized to provide a strong bond strength without 
damaging the thin back-gate dielectric. 
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Fig. 5.5 Photomicrographs of the triple-self-aligned double-gate FET at various stages of 
fabrication. Adapted with permission from Guarini et al. [16], (© 2001 IEEE) 



Higher bonding anneal temperatures degrade the leakage characteristics, 
especially for thin gate dielectrics below 3 nm [18]. A composite thermal 
oxide/nitride stack of 4 nm is employed to enhance the gate dielectric robustness. 
Following the wafer bonding, the backside of the starting SOI wafer is removed 
by grinding and chemical etching of the silicon and the buried oxide of the SOI 
wafer. The undoped silicon channel is thinned to 20-30 nm by oxidation, 
achieving uniformity to within 1 nm over much of a 200 mm wafer. 
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After the bonded substrate is formed the remainder of the Pagoda DGFET 
process proceeds with conventional tools and processes, as depicted in Fig. 5.4. 
The bottom and top gates are separately patterned and accessible on opposite sides 
along the device width direction (Fig. 5.4d, Fig. 5.5e). CMP is employed to 
planarize the surface every time any topography is generated by patterning (etch). 
This eliminates the possibility of “stringers” and provides a robust process. For 
planarization at the front-end process, planarity of nanometer-scale accuracy and 
uniformity is required. Using custom-designed chemistry and processes, 2-3 nm 
topography over a 200-mm wafer is achievable (Fig. 5.5c). In order to provide 
access to the bottom gate and provide self-alignment of the bottom gate to the top 
gate and the source/drain, the source/drain fan-out regions are implemented as 
doped silicon sidewalls, which are subsequently silicided. The sidewall 
source/drain is used as a self-aligned etch mask to center the length direction of 
the bottom gate with respect to the top gate and the sidewall source/drain. The 
undercut bottom gate is passivated with silicon nitride dielectric. Contact to the 
sidewall source/drain is made by a tungsten plug to the source/drain well, 
followed by CMP to replanarize the surface (Fig. 5.5e) before forming the 
source/drain electrode (see Fig. 5.5f, top view). The source/drain well can be 
shared with neighboring FETs as illustrated in the multi-finger device in Fig. 5.5g. 
Devices formed in this way exhibited enhanced current drive and a factor of two 
increase in transconductance compared to single-gate devices, and had near-ideal 
turn-off characteristics. 

Figure 5.6 shows the process flow of another self-aligned DGFET (called the 
superX) fabricated using wafer bonding techniques [19]. In this example, wafer 
bonding is utilized to create a thin, uniform, single-crystal silicon channel on top 
of amorphous dielectric layers (oxides and nitrides). Starting from an SOI wafer, a 
thin pad oxide, a nitride, and a thick oxide layer are sequentially formed on the 
SOI wafer. The thick oxide will become the device isolation dielectric while the 
thin oxide and nitride are dummy place holders. A silicon handle wafer is then 
bonded to this starting SOI wafer using direct wafer bonding [Fig. 5.6a] - the 
bonding occurs at the Si0 2 /Si interface - using techniques described in Tong and 
Gosele [7]. The bonding interface is located far below the active device region for 
the same reasons as in the previous device example. The bulk of the starting SOI 
wafer is ground and etched back to reveal the buried oxide. The buried oxide is 
removed by chemical etching to reveal the back-interface of the starting SOI wafer 
as the top surface of the bonded wafer pair. The undoped silicon channel is 
thinned to the required thickness by thermal oxidation. 

Figure 5.6b-f illustrate the steps to form the self-aligned source/drain by first 
etching out the material stack in the source/drain area, followed by selective 
epitaxial growth of silicon out of the single-crystal channel (Fig. 5.6c) to connect 
to the deposited amorphous source/drain. A dielectric sidewall spacer (Fig. 5.6d) 
can be formed due to the faceted selective epitaxial silicon growth (see Fig. 5.7). 
The wafer surface is planarized by CMP after the deposition of the source/drain 
silicon (Fig. 5.6e). The source/drain is self-aligned to the channel region by 
implants that are masked by the nitride dummy gate stack (Fig. 5.6f). The nitride 
dummy gate stack on top and underneath the silicon channel is then removed (Fig. 
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5.6h) before growing the gate oxide and depositing the gate material (Fig. 5.6i), 
forming the wrap-around gate over the thin silicon channel. 

Figure 5.7 shows the SEM and TEM photomicrographs of the superX at 
various stages of the process flow [20]. As illustrated by the TEM 
photomicrograph, a very uniform, thin silicon channel can be created and 
preserved throughout the process flow. In addition, a very complex device 
structure can be created using innovative combinations of wafer bonding, etching, 
and selective epitaxial growth techniques. Devices fabricated using this method 
were functional. However, the current drive suffered from excessive series 
resistance due to poor control of the source/drain recess (see Fig. 5.6f) and 
inadequate control of the source/drain dopant profiles. 

A process flow, called super self-aligned double-gate (SSDG), that is similar to 
the superX was presented earlier by Lee et al. [21]. Referring to Fig. 5.8, a 
planarizing low temperature oxide (LTO) is deposited on the unpatterned back- 
gate on top of the back-gate oxide grown on an SOI wafer. This LTO is polished 
to a smooth surface prior to wafer bonding. This film stack is bonded to the 
thermal oxide on the surface of a silicon handle wafer at the oxide/oxide interface. 
After wafer bonding, the original SOI substrate and buried oxide is removed by 
selective etch. The top-gate oxide, top-gate electrode, and an oxide/nitride cap are 
then sequentially formed on the oxidation thinned silicon channel. The top- and 
back-gates are patterned simultaneously in a single RIE etch that forms the 
source/drain wells. This etch also self-aligns the top and back gates perfectly. 
While the FET channel is silicon, the gate electrodes are polycrystalline SiGe, 
which has an oxidation rate about 20 times faster than silicon. This differential 
oxidation rate is utilized to offset the gate electrodes from the source/drain fan- 
out. The process starts by first oxidizing the edges of the gate electrodes and the 
silicon channel and subsequently removing the thinner oxide from the edge of the 
silicon channel by wet etching, thereby revealing the edge of the silicon channel to 
initiate the selective epitaxial growth of the source/drain fan-out regions. After 
selective epitaxial growth of the source/drain fan-out, silicide is formed for low- 
resistance contacts to the source/drain. 

There are certain similarities between the Pagoda, the superX, and the SSDG 
process flows. All three involve the bonding of unpattemed wafers. This is in 
contrast with the first example by Tanaka et al. [13,14], which requires the 
bonding of patterned wafers. All three processes use a one-step RIE etch to etch 
both the top gate and the back gate to achieve self-alignment. After this etch step, 
the superX and the SSDG use similar methods to rebuild the source/drain fan-out 
structures, while the Pagoda uses a completely different approach. In all cases, the 
wafer bonding interface is located well below the active device region. 
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Fig. 5.6 Summary process flow for a double-gate FET using wafer bonding techniques 
(superX). Adapted from Cohen et al. [19] 
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Fig. 5.7 SEM and TEM photomicrographs of the DGFET at various stages of the process 
flow. Cohen et al. [20] 
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Fig. 5.8 Process flow and cross-sectional SEM micrograph of a self-aligned DGFET using 
wafer bonding, oxidation rate difference, and selective epitaxy. Adapted with permission 
from Lee et al. [21] (© 1999 IEEE) 



5.3 Novel Device Materials - 
Strained Silicon-on-insulator 

It has been known for some time that carrier mobility in silicon under biaxial 
tensile strain is enhanced [22]. The use of strained silicon provides a plausible 
tradeoff between moderate levels of performance enhancement over silicon and 
ease of fabrication and integration with silicon [23]. Biaxial tensile strain is 
typically introduced by growing a thin layer of epitaxial silicon on a material with 
a slightly larger lattice constant, such as relaxed SiGe grown by the step-graded 
buffer approach. Other methods of introducing strain include utilizing the different 
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thermal expansion of common dielectric films around the active device region. 
Examples include the use of nitride films [24] and shallow trench isolation (STI) 
[25]. 

It is desirable to combine the benefits of the higher mobility of strained silicon 
with the advantages of silicon-on-insulator (SOI) technologies (e.g., reduced 
junction capacitance, simple device isolation, scalability to a shorter channel 
length (for ultra-thin body SOI)). One approach to obtain a strained silicon-on- 
insulator (SSOI) virtual substrate is to grow a thin layer of strained silicon on top 
of a relaxed SiGe-on-insulator (SGOI) substrate. Several methods of forming the 
SGOI virtual substrate have been reported: SIMOX [26], Ge condensation [27], 
and direct wafer bonding [28,29]. In this section, we focus on the direct wafer 
bonding approach. The wafer bonding approach has the advantage of achieving a 
higher Ge content and a higher degree of relaxation of the SiGe layer as compared 
to the SIMOX or Ge condensation methods. 
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Fig. 5.9 Process flow for the fabrication of strained silicon on SiGe on insulator substrates. 
Adapted with permission from Huang et al. [28], (© 2002 IEEE) 



A process used to fabricate strained Si on SGOI substrates by wafer bonding 
and H-induced layer splitting is illustrated in Fig. 5.9. Strain-relaxed SiGe layers 
with uniform Ge content in the range of 15-25% are grown by UHVCVD on 
(100) silicon wafers using a step-graded buffer layer approach [30]. The relaxed 
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SiGe epilayers are implanted with hydrogen and polished by a chemical- 
mechanical polishing (CMP) process, which reduces the cross-hatch surface 
roughness of the step-graded SiGe layer from 6-8 nm rms to about 0.5 nm rms, as 
required for wafer bonding. The polished SiGe wafer is then bonded to a Si handle 
wafer with a 300 nm thick thermal oxide. The bonding process includes a room- 
temperature (RT) bonding step that joins the polished SiGe with the thermal oxide 
on the handle wafer, followed by an annealing step to enhance the bonding 
strength across the bonding interface. This is analogous to the bonding of Si to 
Si0 2 for the formation of SOI substrates [7]. The RT bonding of the SiGe wafer 
and the Si handle wafer with Si0 2 layer is performed in class 100 clean room after 
standard RCA cleaning. A subsequent furnace anneal in nitrogen ambient is 
carried out to form covalent bonds at the SiGe/Si0 2 interface. The annealing 
temperature and time are 250-350°C for 20-30 hours and are optimized to achieve 
a high bonding energy (>1000 mJ/m 2 ) while preventing separation due to H- 
induced surface blistering at elevated temperatures. 

After the bonding anneal, another thermal anneal at higher temperatures (400- 
500°C) is employed to induce the splitting process which separates the bonded 
wafer pair along the H peak region [7,31]. As a result, a layer of approximately 
500 nm thick relaxed SiGe is transferred onto the Si handle wafer thereby forming 
the SGOI substrate. The transferred 500 nm thick SiGe layer of the SGOI 
substrate is subsequently smoothed and thinned down to 200 - 300 nm by CMP. 
The surface roughness of the SGOI wafer is reduced from the as-split roughness 
of 7.6 nm rms to the final roughness of 0.4 nm rms after CMP. The final SGOI 
thickness may also be tailored by CMP removal of a portion of the transferred 
SiGe layer. A thin layer of relaxed SiGe with the same Ge mole fraction is grown 
on the transferred SiGe layer before the final strained silicon layer (18 nm) is 
grown. Figure 5.10 shows (a) transmission IR image of the bonded wafer pair, and 
the cross-sectional SEM and TEM images of (b) the transferred and polished SiGe 
buffer layer, (c) the complete stack of strained silicon on the SOI, and (d) the gate 
area of a completed strained silicon on SGOI MOSFET. The degree of relaxation 
of the SiGe is determined by triple-axis x-ray diffraction to be greater than 90%, 
similar to that observed for the SiGe buffer layer before the H-implant and layer- 
splitting - indicating that strain relaxation is not degraded by the layer splitting 
process. Besides H-implant-induced layer splitting, a grind-and-etch-back 
approach has also been employed [29] (while employing the same wafer bonding 
processes). In this case, the final layer thickness is critically dependent on the 
grind-and-etch-back process. The strained silicon-on-insulator FETs fabricated by 
wafer bonding [28,29] (either by H-induced layer splitting or grind-and-etch-back) 
generally show carrier mobility enhancements commensurate with corresponding 
strained silicon on bulk SiGe with similar Ge content. Thus, the concept of 
combining the benefits of strained silicon with the advantages of SOI is verified 
experimentally. 

Among the various methods of forming SGOI substrates, the wafer bonding 
and layer-transfer technique is the most straightforward and preserves the qualities 
of the starting relaxed SiGe layer. These include desirable qualities such as a high 
Ge content and high degree of relaxation of the SiGe buffer layer (e.g. by the step 
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graded buffer approach). It also retains undesirable qualities such as the defect 
density of the starting SiGe buffer. Since the thickness of the SiGe layer on the 
insulator is dependent on the final polish step, a practical limitation of the layer 
transfer approach is thickness and uniformity control, unless other polish/etch stop 
methods are employed. 
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Fig. 5.10 (a) Transmission infrared (IR) image of the bonded wafer pair, (b) Cross- 
sectional TEM image of the transferred relaxed SiGe buffer layer on the insulator substrate, 
(c) Cross-sectional SEM image of strained silicon grown on transferred relaxed SiGe buffer 
layer, (d) Cross-sectional TEM image of the gate area of a completed strained silicon on 
SiGe-on-insulator substrate, showing the 4 nm gate oxide, the 1 8 nm strained silicon (with 
a light contrast), and the regrown SiGe buffer layer on top of the transferred relaxed SiGe 
buffer layer. Adapted with permission from Huang et al. [28]. (© 2002 IEEE) 



As Si FETs are increasingly scaled to smaller dimensions, control of the short- 
channel effects may have to be accomplished by constraining the device geometry 
as discussed in Sect. 5.2 on DGFETs. It is therefore of great interest to find means 
to create very thin (5-10 nm) layers of strained silicon directly on insulator 
without the SiGe buffer layer. One possible method is to bond a layer of strained 
silicon directly on to the insulator. 
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5.4 Three-Dimensional Integration 

As device scaling approaches fundamental limitations, new device integration 
schemes are becoming attractive as means for continuing to improve circuit 
performance without altering the base technology. In fact, even for recent 
technology evolution, only about half of the microprocessor performance 
improvements have been derived from device scaling; the other half was achieved 
through architecture enhancements (Fig. 5.11). Three-dimensional (3D) 
integration (also known as vertical integration) - in which multiple layers of active 
devices are stacked with vertical interconnections between the layers (Fig. 5.12) - 
promises to help prolong this trend even in the absence of continued device 
scaling. This section presents the benefits and challenges for 3D integrated circuits 
(ICs) and discusses various fabrication techniques. Wafer bonding is shown to be 
especially useful for building 3D circuits. 




Fig. 5.11. Normalized microprocessor performance* as a function of time for different Intel 
microprocessors series, illustrating the significant impact of architecture. (* Performance 
metric is based on the 1995 “ Performance Spec for Integer Operations ” benchmark; y axis 
is this spec divided by microprocessor speed, MHz.) From [32] 
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Fig. 5.12. Schematic diagram of a 3D IC composed of two layers of active silicon devices 
with vertical interconnects between the layers 
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5.4.1 Introduction to 3D ICs 



The impetus for developing a 3D integration solution is threefold: 

• Packing: By adding a third dimension to the conventional two-dimensional 
(2D) device layout, the transistor packing density is improved, thereby allowing 
a reduced chip footprint. This is particularly appealing for wireless or portable 
electronics, where silicon real estate is at a premium. Reduced chip volume and 
weight are also motivated by military applications. 

• Performance: 3D ICs promise a reduced average interconnect length as 

compared to their 2D counterparts, yielding fewer intrinsic delays per cycle, 

enhanced accessible die area, and reduced noise coupling. Wire latency is 

beginning to severely restrict performance as feature sizes are scaled down 
[33], thus the reduced electrical distance in 3D ICs may be a vital attribute (Fig. 
5.13) [34-36]. For communication between memory and microprocessor, 3D 
integration may provide the ultimate bandwidth, which will result in a 
significant performance gain for some applications. 

• Functionality: Many of the general techniques for building 3D ICs will also 
facilitate the integration of heterogeneous materials, devices, and signals and 
enable flexibility in device structure, system design, and routing. For instance, 
stacking of device layers could be used to form hybrid photonic/electronic 
circuits, to stack memory and logic circuits, or to design digital, analog, and RF 
circuits on different layers. 




Fig. 5.13. Interconnect delay as a function of technology generation for different 
architectures. Delay will limit IC performance for the standard 2D IC, but 3D circuits with 
two active layers promise significant (64%) delay reduction. Adapted with permission from 
Davis et al. [34] (0 2001 IEEE) 



While the potential advantages of the 3D IC are certainly compelling, the 
following challenges have curtailed its adoption as a mainstream technology: 
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• Maintaining Device Performance: The electrical integrity of devices and 
circuits must be preserved during the 3D IC fabrication process. One critical 
issue is thermal cycling during 3D IC fabrication, which can degrade device 
performance. 

• Managing Power: The increased circuit density inevitably leads to increased 
power density, and new schemes may be required to enable power dissipation 
from multiple device layers in order to minimize thermal gradients and local 
heating [37,38]. 

• Interconnecting Layers: New processes must be established to precisely align 
and interconnect the multiple device layers. To obtain the optimal circuit 
benefit the alignment has to be on the order of that in the critical layers. If that 
cannot be achieved the resulting trade-offs must be investigated. 

• Minimizing Complexity: 3D circuits are inherently complex, from the 
standpoint of both design and fabrication. New design tools will be required to 
optimize interlayer connections for maximized circuit performance, and the 
process fabrication complexity must be minimized for manufacturability and 
yield. 

• Testing: Since 3D circuits with multiple active layers are highly complex, it 
would not be economical put off functional testing until the full process flow is 
complete. Instead, functionality in the different layers must be assessed along 
the way. Product design and test are challenged to provide suitable solutions. 




Fig. 5.14. 3D packaging solutions, (a-b) Neo-Stack from Irvine Sensors, a chip-stacking 
approach with peripheral interconnections, (a) Schematic diagram of Neo-Stack cross- 
section. (b) Image of Flash memory module made by Neo-Stack process. Courtesy of Irvine 
Sensors Corp. (c) Schematic diagram of chip stack in which metal-filled through-chip vias 
are to achieve higher chip-to-chip interconnect densities. Adapted with permission from Al- 
sarawi et al. [39] (© 1998 IEEE) 

The packaging community has actively pursued novel 3D solutions, and a 
thorough review has been provided recently [39]. A 3D package typically stacks 
bare dies or multi-chip modules (MCM), securing the full chips by epoxy or other 
“glue.” Most implement wiring between layers as peripheral interconnections 
(Fig. 5.14a-b) [40,41] while a few packaging technologies have achieved a higher 
interconnect density between stacked layers by incorporating conducting vertical 
through-hole vias [42] across the chip (Fig. 5.14c) [43,44]. A number of 3D 
packages are in manufacturing today, most notably as high-density memory 
modules. [45,46] While the intra-chip connections in a 3D package are shorter 
than standard chip-to-chip wires (hundreds of microns instead of several 
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millimeters), they are still quite long compared to on-chip interconnects. To 
actualize the potential performance gains from a true “3D IC,” the device layers 
must be brought closer together to allow even shorter inter-level wiring. The 
remainder of this section will focus on wafer-scale integration schemes for 3D IC 
fabrication. 



5.4.2 Wafer-Scale Integration for 3D Circuit Fabrication 

Wafer-scale integration of 3D ICs facilitates the close coupling of multiple device 
layers through a variety of integration schemes, and the parallelism afforded by 
the wafer-level approach potentially enables a more cost-effective solution than 
chip-stacking techniques. There are two primary fabrication schemes for wafer- 
scale integration of 3D circuits. The first is a “bottom-up” approach in which 
devices in each layer are processed sequentially, starting with the bottom-most 
layer. At the outset, devices on the bottom layer are fabricated by conventional 
means (typically on bulk silicon or SOI), then a second device layer is formed and 
device processing is completed on that layer, a sequence that can be repeated for 
subsequent layers. Alternatively, the “top-down” approach begins with multiple 
completed 2D circuits fabricated by conventional processes, which are then 
“assembled” to form a 3D IC. This section discusses these various solutions in 
more detail. 

Bottom-Up Fabrication 

In the 1980s some of the earliest 3D ICs based on wafer-scale integration 
implemented the bottom-up fabrication approach using solid phase crystallization 
to form additional silicon device layers above a layer of pre-fabricated 
MOSFETs, [47,48] a method similar to that used for thin film transistor (TFT) 
fabrication [49,50]. For instance, NEC produced a four-level IC using laser- 
recrystal lized silicon for the upper layers (Fig. 5.15) [51]. However, circuits 
fabricated in this manner suffer from two main drawbacks: (1) the poor quality 
upper device layer (polycrystalline silicon with material defects) produces low 
performance MOSFETs, and (2) the thermal cycling from the silicon 
crystallization process and sequential device fabrication degrades underlying 
device performance (manifested in threshold voltage shifts, for example (see Fig. 
5.15c) and limits material choices. 

More recently, seeding agents (such as germanium [52,53] or nickel [54,55]) 
have been used to nucleate silicon grains in the upper device layer, achieving large 
single-crystal regions. Devices fabricated on such films behave similarly to SOI 
devices, as the material in the active device region is predominantly single-crystal 
silicon [56,57] and functional 3D CMOS inverters have been made by this 
technique where ^-channel devices were formed above and interconnected to n- 
channel devices below [58]. While the device layer quality is much improved, 
thermal budget constraints are still a concern for this technology. Matrix Memory 
is beginning production of a 64MB 3D stacked memory cell using this process, in 
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which read-only memory is formed in eight recrystallized silicon device layers 
[59]. While not a high performance technology, this approach uses standard IC 
processes to achieve a high density product. 

Another bottom-up scheme adopts epitaxial silicon lateral overgrowth to 
produce the upper device layers. Typically a seed window is opened to the 
underlying device layer, from which the epitaxial silicon is selectively grown [60]. 
Although the silicon material quality is good, the growth temperature is quite high 
(typically 900-1 000°C) for sufficient silicon overgrowth, which can degrade the 
underlying devices and virtually precludes buried metal interconnects. Here again 
the sequential device fabrication sequences may negatively impact the buried 
device quality because of the repeated thermal cycling. Finally, the window 
openings required for epitaxial silicon seeding limit device density. 




Fig. 5.15. Four-layer IC from NEC formed by laser recrystallization of silicon, (a) Block 
diagram of the 3D IC, consisting of a IK CMOS SRAM, CMOS gate array, and 
programmable logic array (PLA). (b) Cross sectional SEM image of the structure, (c) I-V 
characteristics and threshold voltage histograms of n + polysilicon gate NMOSFETs and 
PMOSFETs on different device levels (W/L=48 pm/4 pm). Adapted with permission from 
Kunio et al. [52] (© 1989 IEEE) 

The final bottom-up approach that has gained some attention is a wafer bonding 
technique in which blanket films are transferred on top of pre-processed devices, 
after which devices are built in these upper layer films. Wafer bonding provides a 
rather general layer transfer mechanism whereby various materials (not just 
silicon, as is the case for the recrystallization or epitaxy techniques) or material 
stacks can be used as the upper layers, allowing for heterogeneous integration. 
Also, these upper layer materials can be formed or grown by conventional means 
(before transfer), ensuring a good quality, defect-free device layer. Because 
blanket films are used here, no strict wafer-to-wafer alignment is required for 
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bonding. One particular challenge for this technique is achieving sufficient bond 
strength and quality at temperatures compatible with the underlying devices, and 
to meet this requirement various bonding approaches have been implemented. 

Direct wafer bonding (without intermediate adhesive layers) has been used to 
fabricate multiple device layers using either a grind-and-etch-back technique or a 
layer-splitting process. Both incorporate direct fusion bonding in which two 
smooth surfaces are brought into intimate contact at room temperature such that 
Van der Waals attractive forces initiate bonding at the interface. Typically the 
bond must be secured by a subsequent anneal. To produce a high quality bonded 
interface, the two surfaces must be extremely clean and smooth (typically RMS 
surface roughness <5 A), and the surface reactivity and bond strength depend on 
the materials being joined and any surface preparation employed (such as 
chemical or plasma treatments). Work in the 1980s focused on direct wafer 
bonding of silicon to oxide [62] or silicon to silicon [63], and this was extended to 
creating 3D structures by the early 1990s [64]. Early demonstrations were plagued 
by high defect densities at the bonded interface (manifested as trapped particles, 
bubbles, voids, and delaminated regions), and a high temperature post-bonding 
anneal (typically 800-1 100°C) was required to achieve sufficient bond strength. 
However, great progress has been made over the past decade in improving the 
bond strength, across-wafer uniformity, and reducing the process temperatures, all 
of which have made possible the use of direct wafer bonding for applications in 
3D integration. 

To complete the layer transfer after fusion bonding to a new (“host” or 
“receptor”) wafer, the original substrate (which acted as a “handle” or “donor” for 
the transferred films) must be removed. The grind-and-etch-back process removes 
the bulk of this substrate by wafer grinding and completes the removal using a 
selective chemical etch that terminates on a buried etch-stop layer. Commonly this 
process begins with a silicon-on-insulator (SOI) wafer, where the buried oxide 
(BOX) serves as the etch stop for transfer of the thin silicon SOI layer (with or 
without additional films) on top of the new wafer. With the layer-splitting process 
(also known as “Smart Cut®” [65] or “exfoliation”), no wafer grinding or etching 
is required for film transfer. Instead, ions (such as hydrogen) are implanted in the 
handle wafer to create a damaged region at a predetermined depth where the 
splitting occurs upon low temperature annealing [65,66]. 

Xue et al. at Cornell University are building 3D ICs using wafer bonding of 
blanket silicon layers. They directly bond a SOI wafer (or hydrogen-implanted 
bulk silicon wafer) to the planarized dielectric that covers pre-fabricated silicon 
devices with local interconnects (made of tungsten or polysilicon) and secure the 
bond at 450°C, after which the original SOI substrate is removed [67]. The 
transferred silicon layer is single-crystal, and devices can be built in this film by 
traditional processes and interconnected to devices below (Fig. 5.16) [67]. As 
many as four thin single-crystal silicon films (separated by dielectrics) have been 
stacked on top of a bulk silicon substrate using the layer-splitting process [68,69]. 
which demonstrates the feasibility of extending the 3D IC to multiple device 
levels. Other materials besides silicon can also be layered in this way [70,71]. 




176 K.W. Guarini and H.-S. P. Wong 



Nevertheless thermal budget restrictions remain a concern for all techniques in 
which devices on each layer are processed sequentially. 

Others have incorporated various adhesive interlayer materials to aid in the 
bonding process. In general, these allow stronger bonds at lower temperatures than 
direct bonding and are less sensitive to surface contamination or topography. 
However, many adhesives (particularly polymer-based materials) are not fully 
compatible with subsequent processing, including thermal cycling and chemical 
treatments, and typically they are poor thermal conductors and so power 
dissipation from upper device levels is a concern. In 1996 NTT demonstrated 
hybrid photonic/electronic 3D circuits using polyimide bonding to attach blanket 
GaAs/InGaAs layers on top of prefabricated silicon CMOS circuits, after which 
metal-semiconductor-metal (MSM) photodetectors and vertical-cavity surface- 
emitting lasers (VCSELs) were fabricated from the attached layers creating “smart 
pixels” (Fig. 5.17a) [72,73]. 



Direct poly- Si to poly-Si connection 
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Fig. 5.16. Cornell approach for 3D IC fabrication, based on wafer bonding of blanket Si 
layers, (a-f) Schematic diagrams of the bottom-up approach, (g) Top view of devices on 
two different levels, (h) Cross-sectional SEM image of 2-layer structure. Adapted with 
permission from Xue et al. [68] (© 2002 IEEE) 
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Fig. 5.17. NTT used wafer bonding to create a 3D hybrid photonic/electronic circuit, (a) 
Schematic diagram of the hybrid “smart pixel,” consisting of a VCSEL and MSM 
photodetector atop a Si CMOS chip, (b) Thermal resistance as a function of polyimide 
thickness. Polyimide is used here as the adhesive for wafer bonding. Adapted with 
permission from Matsuo et al. [75] (© 1997 Optical Society of America) 



A polyimide film was applied across a wafer by spin coating, and the bonding 
process used pressure while heating at 200-3 5 0°C to adhere two wafers (no 
alignment necessary). After fabrication of the photonic devices (which used low- 
temperature processing), vias were formed between the photonic and electronic 
circuits that were filled with electroplated gold to interconnect the layers, yielding 
devices with reasonable performance. The temperature in the upper device layer 
was shown to increase substantially for thick polyimide layers due to the thermal 
resistance of the adhesive (Fig. 5.17b), but for thin (~0.1 pm) polyimide layers 
this was acceptable for this application because VCSELs consume little electrical 
power [74]. 



Top-Down Fabrication 

The various challenges associated with the bottom-up fabrication processes 
described above open opportunities for top-down “assembly” of 3D ICs, but while 
some constraints are mitigated new difficulties exist in this scheme. Here each 2D 
circuit can be fabricated by conventional means, which naturally allows testing of 
individual layers prior to assembling the 3D circuit. This may be critical to 
achieve acceptable yield and lower manufacturing cost. A key challenge is 
aligning one layer to the next and fabricating vertical interconnects between the 
layers, and of course thermal cycling during layer transfer must be minimized 
because of the presence of completed devices and circuits. 

When transferring a completed circuit layer onto another circuit, there are two 
primary orientations for the transferred layer: (1) “face down”, for which the 
donor wafer is simply flipped and attached to the host wafer, or (2) “face up”, for 
which the donor wafer must first be attached to a temporary handle wafer, thinned, 
and subsequently joined to the host wafer, after which the handle wafer is 
typically removed. There are advantages and challenges with each scheme, as will 
be described below. For top-down 3D IC fabrication some researchers apply 
blanket wafer bonding techniques like those detailed above (with or without 
adhesive interlayers), and subsequently build and fill vias between layers for 
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interconnections. Others have prefabricated metal contacts on each sample that 
must be aligned and bonded together, so alternative bonding techniques that 
provide both structural adhesion and low electrical resistance have been 
developed. 

The required alignment tolerances depend strongly on the application and 
interconnection scheme; dense vertical interconnects with stringent overlay will 
most improve wire delay metrics, but other 3D ICs may stack full circuit blocks 
with more relaxed overlay requirements. A variety of different wafer-to- wafer 
alignment schemes are mentioned below, the best of which achieve to date 
roughly 1 pm tolerances. For instance, infrared (IR) imaging through the wafer 
stack is often used. Some specific tooling has recently been developed to aid in 
wafer-to-wafer alignment, such as EV Group Inc.’s “Smart View™” system for 
face-to-face wafer alignment [75]. Here two microscopes are placed above and 
below the wafer stack, calibrated to one another, and each is used to locate 
alignment marks on one wafer before joining the two wafers, achieving 1-1.5 pm 
alignment accuracy. Below we highlight some key efforts in top-down 3D IC 
fabrication and summarize the various wafer bonding processes used in Table 5.1. 

The “Vertically Integrated Circuit (VIC)” pioneered by the Fraunhofer Institute 
and Siemens in 1997 realized the 3D IC structure by stacking thinned processed 
device wafers using an aligned bonding process with polyimide adhesive and 
vertical interconnections [76,77]. First deep vias were formed in the top wafer and 
etched 10 pm into its silicon substrate. Next the top wafer was attached to a 
handle wafer and the substrate was thinned to <10 pm such that the vias were 
open at the backside. These openings were used as registration marks during 
aligned bonding at 400°C to the bottom wafer, which was coated with 2 pm of 
polyimide “glue.” To achieve strong bonding, they cured the polyimide after 
application and activated the surface with an RF plasma before bonding. Wafer-to- 
wafer misalignment of <1 pm was demonstrated using a flip-chip bonder with 
split beam optics. The vias were opened down to the underlying metal such that 
they span the distance from the top level metal on the upper circuit, through the 
underlying dielectrics, through 1 0 pm of silicon, and connect to the top level metal 
on the lower circuit, a total depth of approximately 14 pm (Fig. 5.18). An oxide 
spacer is formed at the periphery of the via for electrical isolation, and then the via 
is filled with chemical vapor deposited (CVD) TiN and W, achieving fairly low 
resistance contacts (e.g. 2 O contact resistance for a 2x2 pm 2 via). The polyimide 
interlayer adhesive is a potential concern because of its poor thermal conductivity, 
but modeling from this group suggested the 2 pm layer would not be problematic. 

Lincoln Laboratory has successfully built 3D ring oscillator circuits (consisting 
of inverters alternating between layers) and 3D active pixel sensor arrays (where 
each pixel is composed of a photodiode on one layer and an analog-to-digital 
(A/D) converter on the other) [78,79]. In their process devices are first fabricated 
on separate SOI wafers and tested. One wafer is then inverted and aligned using 
IR to the second wafer, then bonded using a 3 pm adhesive interlayer. Next the 
bulk silicon substrate of one wafer is removed by etching down to the buried oxide 
(BOX). Two sets of vias are formed through the stack: (1) shallow (~2.7 pm deep) 
vias extend through the BOX and SOI of the top layer and stop on the first metal 
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layer of the top circuit; (2) deeper vias (~7.5 pm deep) extend through the BOX, 
SOI, and back-end of the top layer, through the adhesive layer, and stop on the 
upper metal layer of the bottom circuit. An aluminum alloy is sputter deposited to 
fill the vias and then patterned to define interconnections between the metal of one 
circuit and the other. 





Fig. 5.18. (a) Schematic diagram of Fraunhofer Institute’s VIC, showing a high-aspect-ratio 
interchip via connecting two layers, (b) SEM micrograph of an array of interchip vias after 
3D metallization. Adapted with permission from Ramm et al. [77] (© 1997 Elsevier 
Science) 




Fig. 5.19. Lincoln Laboratory’s 3D IC. (a) Diagram of 3D pixel showing imager layer atop 
an A/D converter circuit, (b) Cross-sectional SEM micrograph of a 3D ring oscillator in 
which intervers on each layer are connected by vias. Adapted with permission from Bums 
et al. [79] (©2001 IEEE) 



As a final step, the entire stack is again inverted and bonded to another silicon 
wafer for support so that the silicon substrate of the now-top circuit can be 
removed by etching to expose the photodiodes for backside imaging (Fig. 5.19). 



Table 5.1. Summary of Wafer-Level 3D IC Fabrication Efforts 
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3D ring oscillators fabricated in this way functioned well and 3D 64 x 64 active 
pixel sensor arrays demonstrated successful coupling of optical signals generated 
in the photodiode imaging layer to the CMOS circuits below. This group has 
indicated it may replace the adhesive bonding step with low-temperature oxide 
bonding to shorten the vias and enable lower resistance vertical interconnects. 

IBM uses polymeric adhesives to attach a SOI device wafer to a glass handle 
wafer, thins the stack down all the way to the BOX, and then uses low- 
temperature blanket fusion bonding to join this circuit to a circuit below (Fig. 
5.20) [80]. As a result, no nonstandard materials are left in the final 3D IC 
structure. Heat dissipation concerns are somewhat alleviated because of the 
proximity of the device layers in this scheme and the absence of a polymer-based 
interlayer (with inherently poor thermal conductivity). Wafer thinning is achieved 
by silicon grinding plus selective etching that stops when the BOX is reached, 
leaving only the SOI device layer plus back-end dielectrics and metallization 
attached to the glass handle wafer. This stack is transparent (Fig. 5.20e), which 
facilitates alignment to the other wafer. Here overlay registration can be 
performed in a manner similar to mask-to-wafer alignment in photolithography by 
looking through the glass and directly aligning registration marks on the top 
circuit with those below. In principle it should be possible to reach 
photolithography-quality overlay tolerances of < 0.1 pm in this way. Fusion 
bonding requires a smooth, flat surface, so care must be taken to minimize surface 
roughness, contamination, and wafer bow throughout the process. Strong bonds 
have been achieved at temperatures as low as 300°C using proper chemical 
surface pretreatment. The glass handle wafer is easily removed after fusion 
bonding by laser ablation [81] without affecting the underlying circuit, after which 
shallow vias are etched and metallized to interconnect the layers. Via aspect ratios 
are comparable to standard back-end dimensions; therefore conventional etch and 
fill techniques can be utilized here. IBM has demonstrated that the processes 
required for building 3D circuits in the way preserve the intrinsic electrical 
characteristics of state-of-the-art short-channel MOSFETs and ring oscillator 
circuits [80]. 

Rensselaer Polytechnic Institute (RPI) researchers avoid the additional 
processing required by the transfer to a handle wafer by adopting a “face down” 
stacking approach in which the top metal layer of the bottom circuit is joined to 
the top metal layer of the second circuit using polymeric glues (such as Flare™ or 
Benzocyclobutene (BCB) a.k.a. Cyclotene™) [82,83]. Wafers are aligned using 
the EV Group, Inc. SmartView™ technology achieving 1 pm alignment accuracy 
over 200 mm wafers. The bond is initiated by pressing in the center of the wafer, 
and then the remainder of the wafer is brought into contact, after which a uniform 
down pressure is applied to the pair while heating to 400°C. Care must be taken to 
properly pre-anneal the polymeric adhesive to prevent outgassing after bonding. 
Bonded pairs are characterized by a scattering of small voids, which may be due 
to defects or particles at the interface. Next, the top wafer is thinned by grinding, 
etching, and/or CMP to a final thickness of 30-60 pm. Interconnects are formed 
by etching high-aspect-ratio vias through the stack (the 30-60 pm silicon, the top 
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device layer plus back-end dielectrics and interconnects, the polymeric adhesive, 
and stopping on the metal interconnect of the bottom circuit). 




Fig. 5.20. IBM 3D IC approach, (a) Schematic diagram of 3D IC fabrication, (b) SEM 
image of circuit transferred to glass, showing complete removal of silicon substrate, (c) 
Optical image of transparent circuit on glass. Adapted with permission from Guarini et al. 
[81] (© 2002 IEEE) 

Finally, the vias are filled with CVD or electroplated copper (Fig. 5.21). 
Additional layers may, in principle, be added to the structure by bonding another 
circuit “face down” on top of the two-level stack, such that the top metal layer of 
the new circuit is closest to the device surface of the second layer. This layer may 
be thinned and interconnected to the circuit below using the same technique 
described above. 

Others have used metal-metal bonding to achieve high bond strength and/or 
good electrical connectivity at the wafer level. A UC Berkeley group 
demonstrated transfer of light emitting diodes (LEDs) off their original sapphire 
substrate onto a new silicon wafer using transient liquid-phase Pd-In bonding to 
attach the wafers and laser lift-off to separate the sapphire substrate from the GaN 
LEDs [84]. At low temperatures (200°C) the In becomes molten and reacts with 
the Pd to form Pdln 3 , which is stable and has a higher melting point (> 600°C). 
The transferred LEDs functioned well, illustrating the potential for integrating 
high-quality optoelectronic devices with silicon ICs in a 3D circuit. 
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Fig. 5.21. Schematic of 3 -layer 3D IC from RPI, where layer 2 is bonded to layer 1 “face- 
to-face” and layer 3 is bonded to layer 2 “face-to-back.” Courtesy J. Lu and R. Guttman 
[83] 

A nice example of a functional 3D circuit built by top-down wafer-level 
integration was demonstrated in 1999 at Tohoku University in Japan [85,86]. The 
goal was to build an “intelligent image sensor” by stacking, aligning, and 
interconnecting an image sensor, amplifier, register array, processor array, and 
output circuit. They experimentally demonstrated a two-layer implementation 
consisting of photodiodes above a CMOS image sensor circuit (Fig. 5.22). 
Devices were first fabricated on separate wafers by conventional means, then deep 
high-aspect-ratio trenches (2.5 pm wide, 60 pm deep) were etched on the 
photodiode wafer into its silicon substrate, oxidized for isolation, and filled with 
doped polysilicon, forming vertical interconnects. Next the photodiode wafer was 
glued using epoxy to a quartz handle-wafer, which acted as a support during 
substrate thinning by grinding and polishing down to a final thickness of about 30 
pm. Low temperature oxide was deposited on the backside of the stack, and then 
contacts were opened in the oxide down to the polysilicon-filled vias, after which 
metal (In-Au) microbumps were formed using lift-off. Metal microbumps were 
also formed on the top metal layer of the CMOS circuit. Next the two wafers were 
aligned by IR imaging through the stack (tolerance ±1 pm) and bonded at 200°C 
through a combination of metal-metal bonding (the microbumps) and insulating 
epoxy (which was injected into the gap between the wafers). The contact 
resistance between 10 pm 2 microbumps on the upper and lower wafers was quite 
low - about 0.1 Q - and the resistance of the vertical polysilicon interconnect was 
about 7 O. The 3D circuits operated well: the output voltage from the buried 
CMOS circuit was shown to correlate with the photodiode photocurrent resulting 
from changes in the input light intensity. This research group has used the same 
technique to build a three-layer circuit, where they showed that the device 
characteristics of transferred MOSFETs do not change as a result of the layering 
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process and demonstrated operational 3D inverters and basic shared memory 
operation [87]. 




Fig. 5.22. (a) Schematic diagram of 3D shared memory by Tohoku University, (b) Cross- 
sectional SEM micrograph of 3D LSI test chip, showing three layers of devices. Adapted 
with permission from Lee et al. [88] (© 2000 IEEE) 

Work at MIT has demonstrated strong, reliable wafer-to-wafer adhesion using 
metalmetal thermocompression bonding [88,89], and Cu-Cu bonding specifically 
has been applied to 3D IC fabrication (Fig. 5.23) [90]. This work uses fully- 
processed SOI wafers. First one device wafer is attached to a nitride handle wafer 
by depositing films of Zr and Cu on the surfaces to be joined, then heating at 
400°C under 4000 mbar pressure to initiate a strong CuCu bond. The substrate 
from this wafer is fully removed by wafer grinding and wet etching, stopping on 
the BOX. Next vias are patterned on the backside of this wafer, etching through 
the BOX, SOI, and down to the first metal layer (~1 pm depth), and then these are 
filled with metal. Finally, Cu/Ta pads (3-5 pm lateral dimension) are patterned 
over these backside vias as well as on top of the second device wafer. These two 
wafers are aligned (±3 pm misalignment) such that the Cu/Ta pads meet and Cu- 
Cu bonding is again achieved by heating at 400°C under 4000 mbar pressure. 
Finally the stack is immersed in hydrofluoric acid (HF), which quickly attacks the 
Zr, releasing the nitride handle wafer. The Cu-Cu bonds here serve as both the 
adhesive and the electrical connections between the layers, and therefore both 
their structural and electrical integrity are critical. In order to achieve sufficient 
bond strength, “dummy” Cu/Ta pads (i.e. those not used for electrical 
interconnection) can be patterned such that the total bonded surface area is 
increased. 



5.4.3 Summary of 3D IC Fabrication 

Section 5.4 has described the motivation and challenges for 3D ICs and 
summarized the experimental work in the field of 3D circuit fabrication. Most 
research thus far has been exploratory in nature, as the techniques employed are 
somewhat new and untested for this particular application. Most groups have 




Wafer Bonding for High-Performance Logic Applications 1 85 



focused on establishing a structural capability for building circuits with more than 
one active device level, while a few have gone beyond this by demonstrating the 
electrical integrity of the 3D IC. Wafer bonding appears to be a leading candidate 
for 3D IC fabrication because of the flexibility the technique affords. Yet more 
work is clearly needed to fully realize the potential packing, performance, and 
fimctionalitv benefits of a 3D IC. 
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Fig. 5.23. MIT 3D IC approach, (a-c) Diagrams of circuit attachment to handle wafer. Next 
backside Si is removed, then backside vias are formed and Cu/Ta pads defined, (c) Wafers 
are aligned and bonded, (d) Handle wafer is released. Adapted with permission from Reif et 
al. [91] (© 2002 IEEE) 



5.5 Summary 



In this chapter applications of wafer bonding to the fabrication of high- 
performance logic devices have been illustrated. Examples were drawn from the 
creation of novel device structures, new virtual materials, and complex three- 
dimensional device layers. In all these examples, the fundamental principles of 
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direct wafer bonding were applied to achieve a result that is not attainable by other 
methods, be it due to thermal budget constraints, lattice constant mismatch, or the 
preservation of crystallinity. As illustrated in some of the examples in this chapter, 
the application of wafer bonding also requires the use of other associated process 
modules. Layer splitting (e.g. H-induced layer splitting), grinding and selective 
etch-back, and nanometer-scale chemical-mechanical polishing are perhaps the 
most import process modules required for successful device fabrication using 
wafer bonding. 
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6 Application of Bonded Wafers 
to the Fabrication of Electronic Devices 
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6.1 Introduction 

This chapter reviews the application of wafer bonding to the fabrication of elec- 
tronic devices, with the main focus on silicon-on-insulator (SOI) substrates pre- 
pared by fusion bonding of silicon-related materials. Since several comprehensive 
reviews have recently been published on the use of thin (thickness <1 pm) SOI 
material for low-power, low- voltage, high-speed VLSI CMOS, such as for 
DRAMs [22, 64, 140], the chapter will concentrate on relatively thick-film bonded 
SOI, in the range of 1-2 pm and above. Initially, the application of standard SOI 
will be described, with particular emphasis on the fabrication of trench-isolated 
structures and the performance benefits gained through the utilisation of this tech- 
nology for both low- and high-voltage products. Subsequent sections will cover 
more novel processing, such as the incorporation of silicide buried layers and the 
combination of integrated microelectronics with sensing or actuating elements 
fabricated on the same substrate. Finally, applications related to direct silicon-on- 
silicon bonding, where the buried oxide (BOX) is eliminated, will be described. 

Throughout the chapter, a strong emphasis will be placed on problems related 
to the fabrication of the substrates, and in particular to minimising crystal defect 
formation, which is essential for optimising the electrical and material perform- 
ance of the bonded wafers. 



6.2 Trench-Isolated SOI Structures 



6.2.1 Introduction 

Thick-film SOI is generally produced by the bonding and etch-back method, in 
which polished silicon device and handle wafers are joined together at room tem- 
perature with an oxide layer in-between, and fusion bonded at high temperatures 
of above 1000°C [90, 127]. The device wafer is then thinned to the desired thick- 
ness by etching or more usually, grinding and chemical-mechanical polishing 
(CMP), to form the SOI layer [14]. Using this method, the total thickness variation 
(TTV) of the SOI layer is limited by the variation of the starting handle wafer, 
which means that the TTV of thick SOI is generally greater than about 0.6 pm. 
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Smaller thickness variations can be obtained by starting with a thin-film SOI, pre- 
pared, for example, by the Smart Cut [7] or ELTRAN [148] methods, which has a 
TTV of the order of 0.01 pm, then growing a layer of epitaxial (epi) silicon. While 
this may be useful for the lowest thickness range of below 5 pm, the cost of grow- 
ing thicker epi layers becomes prohibitive as the thickness increases. In addition, 
the TTV also deteriorates, since epi growth has a thickness variation of about ± 
5%. As a result, most thick SOI applications use the bond, grind and polish tech- 
nology. 
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Fig. 6.1. Schematic top view and cross-sectional diagram of a conventional junction- 
isolated transistor, also showing the spacing of trenches for an equivalent trench-isolated 
stmcture 

Trench-isolated thick-film SOI (TI-SOI) has been applied to several techno- 
logical areas, including CMOS, linear bipolar, mixed MOS/bipolar, linear 
MOS/smart power, digital bipolar, photovoltaics, and high voltage/high power. Its 
use offers a number of performance and cost advantages over conventional junc- 
tion isolation (JI) and dielectric isolation (DI) technologies. As illustrated in Fig. 
6.1, JI technology, which has traditionally dominated the bipolar and high-voltage 
areas [126], typically uses reverse bias diodes to electrically isolate the active de- 
vices in bulk silicon wafers. However, a large area is needed for the doped isola- 
tion regions, resulting in a low density of die in the wafers, while the simulation is 
difficult and requires complex tools. There are also a number of performance 
drawbacks. These include the occurrence of multiple parasitic devices and paths, 
high device capacitance, buried layers with low conductivity, loss of isolation if 
forward biased, and relatively low breakdown voltages of around 100 V. Re- 
placement of the vertical doped isolation regions with Si0 2 _lined trenches allows 
the die area to be considerably reduced (see Fig. 6.1), but the bottom remains 
junction isolated, so that parasitic effects remain, while higher doping is required 
to maintain the gain of the transistor. 
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In order to achieve full dielectric isolation, DI processing was developed, which 
consists (Fig. 6.2) of etching a V-groove in bulk silicon, typically with a KOH so- 
lution, then growing a thick oxide on the V-grooves to provide the electrical isola- 
tion. A thick polycrystalline silicon (polyS i) layer is deposited on the surface of 
the oxide, to provide a supporting handle layer, and the device wafer is ground and 
polished, stopping on the bottom of the V-grooves, to form dielectrically isolated 
tubs of silicon. While this gives a 15-20% density advantage over JI technology, 
as well as full dielectric isolation, there are a number of disadvantages. The main 
problem is high stress in the structures, resulting from the thick polySi deposition. 
This can lead to the formation of crystalline defects in the device silicon and miss- 
ing islands in the die, as well as high bowing and warping of the wafers, all of 
which make scaling to diameters greater than about 125 mm difficult. In addition, 
there is poor control of implanted dopant profiles due to the lengthy, high- 
temperature polySi deposition process. Two methods have been demonstrated for 
reducing the stress due to the polySi. The first [104] consists of etching V-grooves 
in a bonded SOI layer to the BOX, followed by oxidation, filling the grooves with 
polySi, and lapping and polishing the polySi down to the SOI surface (Fig. 6.3a). 
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Fig. 6.2. Flow of conventional polySi-based dielectric isolation process 



In the second [26], oxidised V-grooves are formed in a bulk silicon wafer, as in 
the conventional DI process, but in this case are filled with a thinner polySi layer, 
which is then polished and bonded to a bulk handle wafer (Fig. 6.3b). Both meth- 
ods, however, suffer from the drawback of the substantial area taken up by the V- 
grooves. The trench-isolation process allows higher packing density by using ver- 
tical trenches etched into the SOI layer. Figure 6.4 illustrates a typical process for 
thick SOI. The SOI layer is first etched to the buried oxide, then lined with a 
thermal or chemical vapour deposited (CVD) oxide layer, so that the silicon tubs 
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are electrically isolated from each other by the combination of buried oxide and 
trench liner oxide. 





Fig. 6.3. Alternative dielectric isolation technologies using wafer bonding: (a) V-grooved 
SOI; and (b) V-grooved with polySi bonding (from [127]) 
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Fig. 6.4. Typical trench-isolation process flow for thick SOI wafers 



The tub-to-tub voltage breakdown is then determined by the thickness of these ox- 
ide layers. Next, the remaining space in the centre of the trenches is filled with 
polySi, and the top surface planarised, typically by CMP or blanket plasma etch- 
ing, to leave a planar silicon surface. Finally, a capping layer of oxide is usually 
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deposited over the top surface, as a protective layer. A buried implanted region 
can be included at the bottom of the SOI, by blanket-implanting the device wafer 
before bonding. It is also possible to dope the trench sidewalls before refill, to 
provide a wrap-around doped layer around the outer edges of the silicon tubs (see 
Fig. 6.4). Custom-made TI-SOI substrates for high- and low-voltage applications 
on 4, 5 and 6 inch wafers, such as the BCO Substrate™ [18, 111], have been com- 
mercially available for several years. An immediate advantage of the TI-SOI proc- 
ess is a large reduction in die area, for example, around 650% for a TI bipolar 
structure compared to an equivalent JI process, as illustrated in Fig. 6.5, allowing 
a higher packing density on the wafer. The stress levels in the TI-SOI structure are 
also much lower than with the DI process, so that crystal quality is better while 
bowing of the substrates is reduced. In addition, by including a buried implant, 
around 30% of a bipolar manufacturing process can be eliminated, thus reducing 
manufacturing costs. Large values of tub-to-tub isolation can be achieved; for ex- 
ample, 1200 V breakdown voltages for a 1 pm liner oxide, although, as described 
in Sect. 6.2.6, there can be some generation of stress-induced crystal dislocations 
with thick oxide liners. As shown below, the present silicon etching technology al- 
lows the trenching and refill of trenches in SOI layers with thicknesses up to 100 
pm, which is particularly important for facilitating its application to high-voltage 
vertical devices. The use of SOI also gives an advantage with respect to radiation 
hardness, since the SOI volume is much smaller than bulk silicon, resulting in a 
lower generation of electron-hole pairs due to bombardment by high-energy 01 - 
particles. Here, the buried oxide layer protects the SOI from any carriers generated 
in the handle wafer. 
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Fig. 6.5. Comparison of die area for a 45 V breakdown-voltage bipolar transistor fabricated 
by either conventional junction-isolation technology or trench-isolated SOI technology 
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Fig. 6.6. Cross-section of a CMOS structure fabricated using trench isolation on thick SOI 
(from [127]) 

In terms of electrical performance, the TI-SOI substrate gives a number of ad- 
vantages, including reduced parasitic capacitances, lower leakage currents, faster 
switching speed, higher minority carrier lifetime, elimination of latchup, improved 
isolation, and better bipolar current gain versus collector gain. As an example, Fig. 
6.6 shows a CMOS structure prepared by trench isolation of a 5 pm thick SOI 
layer with a 1 pm thick buried oxide, followed by conventional processing with 
LOCOS (local oxidation of silicon) isolation [143]. Compared to bulk pn JI- 
processed structures, these devices gave better over-voltage protection and latchup 
hardness, lower power consumption, lower leakage, reduced crosstalk and better 
elevated temperature operation, as well as higher packing density. 



6.2.2 Bipolar and CMOS 

Bipolar technology is well suited to utilise the advantages offered by SOI, such as 
low leakage currents, absence of latchup, reduced parasitic capacitances and 
crosstalk, radiation hardness and die shrinkage. In particular, complementary bipo- 
lar is an attractive technology for high-speed, high-precision, high-voltage appli- 
cations, such as analogue/digital (A/D) converters, smart power and instrumenta- 
tion circuitry. 

One of the first examples of commercial production using TI-SOI was a high- 
speed complementary bipolar process based on 2.0 pm thick fusion-bonded SOI 
with a 1.0 pm BOX [31-33], aimed at high-performance linear circuits for auto- 
matic test equipment and amplifier products. This was a 12 V process using single 
poly emitters for both the vertical npn and pnp transistors, with junction depths of 
0.25 pm, and minimum mask dimensions of 1.5 pm (Fig. 6.7). The fabrication 
started with the implantion and diffusion of boron and antimony/phosphorous into 
the SOI layer to form p + and n + buried layers, followed by growth of a 3.6 pm 
thick p-type epitaxial layer to form the collector of the pnp. The npn collector was 
formed by implanting and driving in a lightly doped n-region over the n + buried 
layer. Deep n + and p + collector plugs were then implanted and diffused to reduce 
the collector series resistance. Next, 6 pm deep trenches were etched down to the 
buried oxide, and filled with oxide and polySi, to provide full dielectric isolation. 
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Fig. 6.7. Cross-section of npn and pnp complementary bipolar transistors fabricated on 
trench-isolated SOI (from [31]) 

After planarising the polySi, a thin screen oxide was grown and bases were im- 
planted, then oxide deposited, 1 .5 pm wide emitter windows patterned in the ox- 
ide, and polySi emitters deposited, patterned, selectively implanted and driven. 
Following the fabrication of the base/emitter drives, the polySi was platinum sili- 
cided, capacitors were formed by a stack of titanium, deposited dielectric and first- 
level metal, while the bottom and top plates were contacted by second-level metal. 
Trimable 100 Q/sq silicon-chrome resistors were formed and contacted by first- 
level metal. Compared to conventional JI, the use of a single layer of polySi for 
the emitters gave a simplified process, with a total of only 20 masking steps for 
the complete process, and a reduced footprint of the device (emitter area = 1.5x10 
pm 2 ). The parasitic capacitances were found to be dramatically reduced, with 
measured substrate-collector junction capacitances (C JS ) of 31 fF for both the npn 
and pnp transistors of the trench-isolated product, compared to 279 fF and 570 fF, 
respectively, in the case of JI devices. The reduction in capacitance was also ac- 
companied by elimination of the voltage dependence of collector to substrate ca- 
pacitance, resulting in increased linearity and lower distortion. In addition, the de- 
vices showed high (3-Early voltage product and very low base-collector junction 
leakage, while cutoff frequencies (f T ) of 2.5 GHz for pnp and 4.5 GHz for npn 
transistors were achieved at a collector-emitter voltage (V C e) of 2 V. The process 
was subsequently developed into 8 V and 5 V products, in which the transistors 
were shrunk both laterally and vertically, with emitter junction depths of <0.1 pm, 
minimum mask dimensions of 0.8 pm, and epi thicknesses of 2.4 pm and 1 pm, 
respectively [32]. For the 8 V process, the npn and pnp f T at 2 V V CE were 8.0 and 
5.0 GHz, respectively. It was found that the SOI thickness had to be optimised, by 
choosing it to be thick enough to minimise the amount of buried layer up- 
diffusion, but thin enough to avoid increasing the peripheral C JS and to allow easy 
trench etching. In addition, the trench refill process required optimisation to re- 
duce the occurrence of defects at the trench sidewall (see Sect. 6.2.6). One poten- 
tial disadvantage of using dielectric isolation is that since the transistor is sur- 
rounded by oxide, which has a thermal resistance 100 times greater than silicon, 
the effects of self-heating can be substantially higher than for JI substrates. This is 
important, since bipolar transistor J-V characteristics are extremely temperature 
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dependent. For example, results have shown the thermal resistance for a transistor 
using TI-SOI to be 3 times that of a conventional device [38]. Simulation of the 
self-heating effects was therefore used to predict and design around these effects 
[33]. Another study [24] reported an 8 V high-speed complementary bipolar proc- 
ess using trench-isolated double polySi self-aligned vertical transistors on bonded 
SOI. These gave cutoff frequencies of 9 GHz and 5.5 GHz for the npn and pnp 
devices, respectively (emitter area = 3><7 pm 2 ). 

McStay et al. [86] demonstrated a bipolar process for a high-voltage commod- 
ity analogue integrated circuit (IC) quad operational amplifier based on TI-SOI, 
which gave transistors with improved characteristics. In this case, the device wafer 
was blanket-implanted with a heavy antimony dose before bonding to an oxidised 
handle. After thinning the device wafer to the final thickness of 7-10 pm, the SOI 
layer was trench etched, defining the buried collector layer, then filled with an ox- 
ide liner and polySi. The top surface was planarised, and an oxide masking layer 
deposited. The substrates were then processed through the standard bipolar manu- 
facturing process from the base masking stage. The elimination of the epitaxial 
growth and isolation thermal cycles of the conventional process substantially re- 
duced the antimony up-diffusion, allowing the collector implant dose to be in- 
creased, lowering the collector-emitter saturation voltage (V CE S at) while main- 
taining the original collector-to-emitter breakdown (BV C eo)* In addition, the npn 
devices were found to show significant improvement in the low current range of 
Gummel plots compared to conventional devices. This was attributed to the higher 
quality of the bulk silicon compared to epitaxial silicon. Trench-to-trench and 
trench-to-handle isolation was typically 250 V, while a total die shrink of at least 
30% was possible compared to the junction-isolated process. 

Saul and Goody [119] investigated the application of npn bipolar on bonded 
SOI to the fabrication of active filters for ultrahigh frequency (UHF) radio com- 
munications. A non-optimised process using oxide and polySi-filled trench isola- 
tion gave a collector-substrate capacitance close to zero, and achieved effective 
operation at UHF frequencies with low noise and low power consumption. 

A limitation on the high-voltage performance of complementary bipolar de- 
vices is caused by the high diffusivity of the boron p + buried layer in the pnp tran- 
sistor. This is subject to diffusion into the p” epi layer during the thermal treat- 
ments necessary for the well and sinker diffusions, with the result that the 
effective collector cannot be controlled. To overcome this, techniques have been 
demonstrated in which the wafer is patterned with the doped layers prior to bond- 
ing, so that the long diffusions are decoupled from the buried layers [62, 67]. This 
not only allowed the fabrication of higher voltage structures with 200 V break- 
down capability, but also with a simplified approach, lower cost and higher pack- 
ing density than conventional methods. In the first process [62], an alignment 
mark was formed on a lightly doped device wafer, followed by p- and n-well im- 
plants driven deeply into the wafer, to establish the p and n 'epi' layers. Next, n + 
and p + sinkers were implanted and driven to the depth of the final SOI layer, to al- 
low low-resistance contacts to the buried layers. Finally, the n + and p + buried lay- 
ers were implanted. The wafer was then fusion-bonded to an oxidised handle wa- 
fer, and thinned by grinding and CMP, to form the SOI layer. Trench isolation was 
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formed by trench etching to the BOX, and refilling with an oxide liner and polySi, 
followed by front-side bipolar processing to produce the vertical npn and pnp de- 
vices. Bonding of patterned doped layers is difficult due to the non-planar chemi- 
cally reactive surfaces. Depending on the implantation conditions, steps of 2-15 
nm can occur, which can result in periodic pattern-related voiding at the bonding 
interface. However, by controlling the implant technique to minimise step heights, 
void- free bonding was achieved. In the second process [67], void- free bonding of 
pnp structures to handles was achieved using a polished polySi layer on the device 
wafer. Here, after implanting and diffusing the p-well and p + buried layer, trench 
etching for isolation was carried out, and the trenches were lined with thermal ox- 
ide and filled with polySi, followed by CMP. A borophosphosilicate glass (BPSG) 
layer was then deposited on top, reflowed at 1000°C, and bonded without voids to 
a handle wafer. Npn transistors were fabricated using a similar procedure. The de- 
vices showed excellent electrical characteristics, with peak f T s of 10 GHz and 9 
GHz, collector-emitter breakdown voltages of 15 V and 17 V, and P-Early voltage 
products of 7200 and 2100, for the npn and pnp devices, respectively. 

BiCMOS technology has emerged as a means of combining the best features of 
bipolar and CMOS technology in ULSI circuits, such as in fast static random ac- 
cess memories (SRAM) and advanced microprocessors [131], for use in main- 
frame computers, high-speed analogue-digital systems and optical fiber network 
systems. BiCMOS gates can give speeds about twice those of CMOS gates, with 
similar or reduced power dissipation, while their driving capacity is several times 
higher [95]. 
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Fig. 6.8. Comparison of a-particle-induced noise-current generation in bulk and SOI sub- 
strates (from [96]) 



Here, the use of SOI can increase the operating speed by reducing the parasitic 
area and latchup and increasing the immunity to a-particle-induced soft error for 
high packing density memory CMOS and bipolar logic circuits. In particular, the 
latter can be drastically reduced by using SOI [61, 96, 134] for these low-power, 
high-speed, high-performance devices. Penetration of an a-particle into a bipolar 
transistor generates a large amount of charge in the substrate, which is collected 
into the collector region. This changes the voltage of the collector node and results 
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in electron current flow from a p-type substrate to the collector, as shown in Fig. 
6.8. The effect can be eliminated using SOI, as illustrated by tests in which a 2 pm 
thick SOI transistor showed a 75% reduction in collector noise charge compared 
to a bulk transistor on a p-type substrate. Figure 6.9 shows a cross-section of a 
BiCMOS structure fabricated using 0.35 pm technology on SOI, containing a 
trench-isolated self-aligned double polySi bipolar transistor for high-speed and 
low-power circuits. PMOS and NMOS memory cells were also added for high- 
density 1 ns, 2.3 Mb SRAMs with a latchup-free configuration using trench isola- 
tion in combination with LOCOS. 



Base Emitter Collector PMOS NMOS 




Fig. 6.9. BiCMOS device structure with self-aligned double polySi bipolar using a trench- 
isolated SOI substrate (from [96]) 

Here, in-situ phosphorous-doped polySi emitter technology was used to reduce 
the thermal budget and avoid cutoff frequency degradation. The fabrication proc- 
ess started with a 1.5 pm thick SOI layer and 0.5 pm thick buried oxide. A highly 
doped n-type buried layer was first formed, followed by growth of a 0.7 pm thick 
epitaxial layer. After carrying out a 0.4 pm LOCOS oxidation, 0.4 pm wide 
trenches were etched and filled with CVD oxide, then n-well and p-well implanta- 
tions were carried out. WSi 2 /polySi gate electrodes were formed on the 9 nm thick 
gate oxide, then source and drain regions were formed, and the base and emitter of 
the bipolar transistors fabricated using a conventional self-aligned process. Next, 
base polySi was deposited, emitter windows were opened, and intrinsic base and 
pedestal collector regions formed by ion implantation. After forming the sidewall 
spacer by CVD oxide deposition, the emitter electrode and shallow emitter region 
were fabricated simultaneously using in-situ phosphorous-doped polySi (IDP) 
technology with rapid thermal annealing at 950°C. The devices gave a 30 GHz 
maximum f T and 2.1 fF collector-base junction capacitance (C jc ) for an emitter 
area of 0.3 x 1.0 pm 2 , and a typical gate delay of 40 ps for a 4-input circuit. Use of 
the TI technology reduced the isolation distance between NMOS and PMOS to 1.2 
pm, and the area to 30 pm 2 . In a related study, a 2-order of magnitude reduction in 
soft error rate, compared to bulk devices, was reported for an 1 8 kb bipolar RAM 
with logic fabricated by 0.5 pm BiCMOS technology on 1.5 pm thick SOI [61]. 
Hiramoto et al. [55] fabricated ultra-high-speed double polySi BiCMOS devices 
with 0.5 pm technology on 2 pm thick SOI, which had a 27 GHz cutoff frequency 
and a CMOS memory cell area of 58 pm 2 . The bipolar transistors showed low 
base-collector capacitance (3.5 fF), very fast propagation delay time (50 ps) in the 
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low-power dissipation regime due to the low parasitic capacitances, and very low 
power-delay products (30 ft) compared to previous bipolar technologies. 

A recent development in BiCMOS technology is the combination of SiGe low- 
pressure chemical vapour deposition (LPCVD) and wafer bonding to produce 
SiGe heterojunction bipolar transistors (SiGe HBT) on insulator. These utilise 
strained epitaxial Sij_ x Ge x in the base of the bipolar transistor, resulting in en- 
hanced collector current and gain, to give improved high-frequency performance 
compared to Si devices. Applications are found in a wide range of radio frequency 
(rf) and mixed signal circuits, such as for low-noise amplifiers, power amplifiers, 
and high-speed A/D converters for wireless communication products, as well as 
optical communication systems [6], operating at 10-40 Gb/s. Figure 6.10 shows a 
cross-section of a SiGe HBT fabricated using wafer bonding. The transistor layers 
were grown on 1.5 pm thick SOI with a 1.0 pm BOX layer, using selective epi- 
taxy for the Si collector, followed in the same growth step by non-selective epi- 
taxy for the p + SiGe base and the n-Si emitter cap. Trench isolation was used to 
achieve the dielectric isolation. As shown in Gummel plots, the collector current 
of the SiGe transistor was a factor of 3 1 higher than that of a silicon transistor. A 
trench-isolated SiGe HBT with a cutoff frequency of 60 GHz, fabricated on 
bonded SOI, was reported for application in 20 Gb/s optical transmitter ICs [118]. 
This had a 1.5 pm thick SOI layer and 0.5 pm BOX, with the SiGe intrinsic base 
formed by self-aligned selective epitaxial growth. SiGe HBTs on SOI suffer from 
the same drawbacks as Si bipolar devices, in that they are more susceptible to self- 
heating effects than bulk devices. Armstrong and Gamble [4] carried out a theo- 
retical analysis of these effects, and proposed the use of thermal vias across the 
buried oxide to reduce the temperature. 
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Fig. 6.10. SiGe heterojunction bipolar transistor on trench-isolated SOI (from [6]) 
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6.2.3 High-Voltage and High-Power Applications 

In high-voltage and high-power devices, the major advantage of SOI technology 
over bulk silicon is the vertical isolation provided by the buried oxide, which in 
combination with lateral isolation by LOCOS, mesa etching or trenching and ox- 
ide/polySi refill, gives a fully dielectrically isolated substrate. This overcomes the 
limitations which JI technology sets on the development of integrated power elec- 
tronic circuits. For example, parasitic collection of injected carriers in the sub- 
strate during the on-state by adjacent large-area power devices can turn these on, 
resulting in catastrophic power supply shorts [2, 130]. Thus, the use of SOI en- 
ables the fabrication of smart power integrated circuits by combining high-voltage 
and high-power ICs with CMOS VLSI, logic and analogue circuits on the same 
chip [5, 60]. This ability greatly reduces the number of parts required for power 
devices from the traditional combination of driver chips and discrete devices. In 
addition, SOI power devices have the advantage of being able to operate at higher 
temperatures than their bulk counterparts, since they have two orders of magnitude 
lower leakage currents. Examples of high-voltage and high-power structures fabri- 
cated using bonded SOI include vertical DMOS (double diffused MOS), BiCD- 
MOS (bipolar complementary DMOS), SSR (solid state relay), SCR (semiconduc- 
tor controlled rectifier), LDMOSFET (lateral double-diffused MOSFET), IGBT 
(insulated-gate bipolar transistor) and LIGBT (lateral IGBT). Applications are 
predominantly in the 50-1000 V, 0.05-5 A range, starting with DMOS at the 
lower end and IGBT at the higher end of the scale. Product areas include motor 
control, plasma display panels, electronic lighting controls, home appliances, ro- 
botics, high-precision power supplies, automotive electronics, IC regulators, and 
telecommunications [5, 9]. The various types of device are illustrated by reference 
to examples, below. 

Cao et al. [18] reported the commercial manufacture of high-voltage circuits for 
smart power on 150 mm diameter trench-isolated, fusion-bonded, 50 jam thick SOI 
with a 2 pm buried oxide. This was based on a fully integrated 500 V bipolar- 
CMOS-DMOS process which had been previously fabricated on 125 mm diameter 
poly Si DI substrates. The structure incorporated a highly-doped buried layer of ar- 
senic (3><10 15 atoms/cm 2 dose) at the base of the SOI layer, which was found to 
increase the minority carrier lifetime from 1 00 ps to over 600 ps, through an inter- 
nal gettering effect [108]. The trench isolation was provided by a 500 nm thick 
LPCVD oxide liner and polySi refill, which also included phosphorous doping of 
the trench sidewalls. The combination of doped sidewall and buried layer guaran- 
teed a low specific on-resistance (R^) for the high-voltage vertical DMOS de- 
vices, and prevented back gate assisted latchup and punchthrough. Dc isolation 
values of >500 V for single trenches and >800 V for double trenches between ad- 
jacent components were reported. 
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Fig. 6.11. Electrical output characteristics of a high-voltage vertical DMOS transistor fabri- 
cated using trench-isolated SOI (important electrical parameters were >500 V drain-to- 
source breakdown voltage, 2 V gate-to-source threshold voltage, and <1000 D static drain- 
to-source on-resistance) (from [18]) 
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Fig. 6.12. Cross-section of high-voltage vertical BiCDMOS structure on trench-isolated 
SOI (from [111]) 

It was also found that careful optimisation of material type, buried layer and 
sidewall doping levels, oxide liner thickness, and fabrication conditions was nec- 
essary to minimise the crystalline defect level in the SOI layer (see Sect. 2.6) and 
to achieve the desired electrical parameters. The process utilised single-level 
polySi, double level metal, self-aligned polySi gates, ion implantation and dry 
etching of windows, to form an optimised polySi gate n-channel vertical DMOS 
power transistor. These had a specific R on of around 20 Qmm 2 . Typical output 
characteristics are shown in Fig. 6.1 1. 

A high-voltage BiCDMOS process for a line card access product was reported 
by Polce et al. [11 1], consisting of a 350 V vertical DMOS, 10 V CMOS, vertical 
npn, lateral pnp and a 450 V SCR (Fig. 6.12). Here a 30 pm thick SOI with a bur- 
ied arsenic implant was used, together with CVD oxide/polySi trench isolation and 
phosphorous-doped trench sidewalls. The buried arsenic layer acted as a backside 
electrical contact for the vertical devices, as the drain region of the vertical DMOS 
devices and the collector of the vertical npn devices. The sidewall diffused layer 
contacted the buried layer, allowing for topside drain and collector contacts. In 
addition, an increase in minority carrier lifetime, from 100 ps to 1200 ps, due to 
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the buried implant was seen, again attributed to gettering by the implant. The inte- 
grated components were isolated by >1000 V. Reported advantages of the TI sub- 
strates over conventional DI wafers included higher packing density, positive and 
negative voltages on the same chip, noise reduction and the inclusion of devices 
which inject minority carriers into the substrate. 
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Fig. 6.13. Right half of vertical DMOS transistor having a reduced surface field termination 
area, fabricated on trench-isolated SOI (from [51]) 



For automotive electronic applications, Heinle and Olsson [51] reported inte- 
grated devices having 600 V p~n“ diodes and 420 V vertical DMOS transistors. 
These were fabricated on 50 pm thick bonded SOI containing a buried arsenic im- 
plant and a 2 pm thick BOX. Dielectric isolation was provided by trenching and 
refilling with thick oxide and polySi. Again, the sidewalls were doped with phos- 
phorous to decrease Ro n , while 10 Qcm material was used to achieve the required 
breakdown voltage and R on . Here, the distance between the source and drain was 
reduced by including a p~ RESURF (reduced surface field) termination area (Fig. 
6.13). 
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Fig. 6.14. Cross-section of 60 V lateral NMOSFET on SOI (from [91]) 
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The breakdown voltage of diodes was reported to be dramatically increased by 
incorporating a semi-insulating polycrystalline silicon (SIPOS) layer between the 
buried oxide and SOI layer, to act as a field-shielding layer. In a separate study, it 
was found that a 0.8 pm thick layer of SIPOS sandwiched between a 5 pm SOI 
and 0.8 pm Si0 2 layer, increased the breakdown voltage from 200 to 600 V [94]. 
This structure was prepared by first forming the SIPOS layer on a high-resistivity 
silicon device wafer, then depositing a CVD oxide, polishing the oxide, and bond- 
ing to a handle wafer. 

The use of 1-15 pm thick TI-SOI for lateral high-voltage devices prepared with 
conventional CMOS processes can eliminate the need for the thick silicon layers 
required for vertical devices. Measurements on lateral p-i-n structures made on 1- 
10 pm thick SOI were reported to give breakdown voltages of around 300 V and 
500-600 V for BOX thicknesses of 2 pm and 4 pm, respectively [87]. The break- 
down voltage then increased at both lower and higher SOI thicknesses; for exam- 
ple, to reach 500 V for a 25 pm thick SOI with a 2 pm BOX. Figure 6.14 shows a 
60 V lateral NMOSFET on a 5 pm thick SOI for automotive applications [91]. 




Fig. 6.15. Conventional lateral DMOSFET on SOI (from [72]) 

The p-body region was formed by the CMOS p-well, while the n-drift layer 
was formed using the same thermal process for the CMOS n and p-wells. The n- 
drift layer resistance could be minimised by optimising the p layer doping concen- 
tration. This device gave a specific R on of 100 mQmm 2 at a gate-to-source voltage 
(V G s) of 5 V. In contrast to conventional high-voltage MOSFETs on SOI, the de- 
vice Ron was free from substrate bias influences, since the hole accumulation layer 
induced on the buried oxide shielded the influence of the source to substrate bias. 

The two main lateral high-voltage device structures are the LDMOSFET and 
the LIGBT [5, 130, 141]. The basic structure of an LDMOSFET is shown in Fig. 
6.15 [2, 72]. The turn-on is achieved by applying a positive potential, higher than 
the threshold voltage, to the gate. This leads to the formation of a conductive 
channel in the p-well at the surface, so that the electrons can flow from the n + - 
source through the narrow highly conductive channel in the p base, through the 
long n“-drift layer, to the n + -drain. The device is fast, but suffers from a high R on , 
especially when rated above 100 V. 

An example of an integrated device is a TI-SOI bipolar-CMOS-lateral DMOS 
made using 0.8 pm CMOS processing, on 2 pm thick SOI with a 0.5 pm BOX 
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(Fig. 6.16) [35, 91]. The process integrated a 60 V low on-resistance LDMOS, 
vertical npn and pnp transistors and a CMOS MPU, with a maximum operating 
temperature of over 300°C. The breakdown voltage (V B ) and R^ of the LDMOS 
were 70 V and 85 mOmm 2 , respectively. The operating frequency of 50 MHz at 
25 °C was 20% higher than the bulk version, while the power consumption was 
lower. Here, trench isolation was used to separate the DMOS and bipolar transis- 
tors from each other, while the CMOS was isolated from the npn transistor using 
JI. A fully trench-isolated smart power IC for automotive use was described by 
Iida et al. [60], consisting of LDMOS, EPROM, bipolar and CMOS devices on 
SOI (Fig. 6.17). This had an LDMOS of 95 mOmm 2 and V B of 73 V. 
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Fig. 6.16. Cross-section of high-temperature BiCDMOS integrated structure on trench- 
isolated SOI, containing 60 V lateral DMOS, vertical pnp and npn bipolar transistors, and 
CMOS devices (from [35]) 
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Fig. 6.17. Cross-section of fully trench-isolated smart power IC on SOI (from [60]) 

Lee et al. [72] demonstrated an integrated 150 V and 250 V technology for data 
and scan driving LSIs of colour ac plasma display panels for high-definition tele- 
vision (HDTV). This utilised a high-performance extended-drain MOSFET 
(EDMOSFET) on trench-isolated 5.5 pm thick SOI with a 3.0 pm BOX (Fig. 
6.18), which had an area reduced by 30% compared to conventional LDMOS de- 
vices, a low specific R^ and high current driving capability. Here, a buffer region 
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around the n + drain alleviates the strong electric field and distributes the current, 
which increases the safe operation area. The NMOS and PMOS devices of the 
data driver IC had 180 V breakdown voltage and values of 5 and 10 mOcm 2 , re- 
spectively, for Ron. Values for the scan driver ICs were 250 V, 20 mOcm 2 and 59 
mOcm 2 , respectively, while the driving current was 500 mA. More recently, an 80 
V LDMOS on a trench-isolated (0.5 pm thick tetraethylorthosilicate (TEOS) oxide 
liner and polySi refill) 7 pm thick SOI with a 1 pm BOX was reported [88]. This 
had an excellent specific of 1.9 mQcm 2 at a drain-to-source breakdown volt- 
age (BV dss ) of 1 16 V, and is targeted at the telecom, digital audio and power sup- 
ply markets. 




Fig. 6.18. Extended drain MOSFET on trench-isolated SOI (from [72]) 

A further problem with the LDMOSFET is the less effective RESURE effect, 
which leads to a lower breakdown voltage in SOI compared to bulk structures. 
Self-heating is also a major concern in SOI power devices, particularly since the 
BOX thickness must be increased as the required breakdown voltage increases. 
This means that careful simulation of the thermal characteristics is essential in 
predicting the electrical operation and lifetime of the power ICs [130]. 

A solution to the breakdown voltage problem is to use a relatively thin SOI 
containing a linearly graded drift-layer doping profile, which significantly in- 
creases the breakdown voltage [73,74]. This structure also induces an accumula- 
tion layer underneath the gate in the drift region, which further improves the spe- 
cific Ron by a factor of 2. A 600 V integrated system was reported for use in 
lighting electronics, power modules and motor control. This contained RESURF 
LDMOS transistors, together with BiCMOS, fabricated on 1.5 pm SOI with a 3.0 
pm BOX. In addition, a factor of 2 improvement in source-follower saturated cur- 
rent was observed [74]. Recently, the graded-doped body region has been ex- 
tended to a high-voltage (100-600 V) PMOS structure which allows the fabrica- 
tion of low-power, high-voltage, high-speed circuits with improved efficiency, for 
applications such as high-bandwidth linear amplifiers and low-dissipation level- 
shifting [75]. A further concept to realise high-voltage (>600 V) lateral devices 
with low Ron on SOI is the superjunction structure containing 3D RESURF, pro- 
posed by Ng et al. [103]. 
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The basic LIGBT structure (Fig. 6.19) [2,5,130] has a lower R on than LDMOS- 
FETs due to conductivity modulation of the n“-drift layer through the action of the 
pnp bipolar transistor. However, it has a lower switching speed than the 
LDMOSFET, while SOI LIGBTs have also been reported to be less robust under 
unclamped inductive switching than SOI LDMOS devices in power ICs [39]. 
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Fig. 6.19. Conventional lateral IGBT structure on SOI (from [130]) 




Fig. 6.20. (a) Lateral IGBT structure on SOI, and (b) breakdown voltage as a function of 
SOI thickness for buried oxide thicknesses of 2 pm and 3 pm (from [93]) 



A major advantage of the SOI device compared to JI is that the BOX prevents 
carrier injection into the substrate, which gives a sharp improvement in the switch- 
ing characteristics, although latchup of the parasitic thyristor structure is a larger 
problem in SOI than in bulk structures. The turn-off fall time has been found to be 
a function of the SOI thickness between 20 pm and 2 pm, and relatively independ- 
ent of the temperature, while the breakdown voltage is a function of both the SOI 
and BOX thicknesses (Fig. 6.20) [91, 93]. Here, the use of an n-buffer allowed re- 
duction of the SOI thickness below 5 pm without reducing the V B . LIGBTs were 
fabricated on 1.5 pm thick SOI substrates, which had greatly reduced turn-off fall 
time without the need for lifetime control steps, and could operate at up to 200°C 
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with acceptable leakage currents [93]. The use of a source-electrode surround 
drain (SESD) n-channel LIGBT enabled the fabrication of 600 V integrated struc- 
tures having improved latchup without increasing the on-state voltage [132]. The 
measured values of the breakdown voltage and the on-state voltage were 611 V 
and 2.8 V at 150 A/cm 2 , for trench-isolated structures on a 1.5 pm SOI with a 7.4 
pm BOX. 500 V LIGBTs have been developed for output devices of 500 V, 1 A 
dc brushless motor control ICs, and 5 A (175 A/cm 2 ) current handling has been 
reported [91]. In practice, the current rating of LIGBTs is limited by chip area 
consumption, which determines the cost of the power ICs. 




Fig. 6.21. Cross-section of lateral injection-enhanced IGBT on SOI (from [146]) 

The lateral IEGBT (injection-enhanced insulated gate bipolar transistor) struc- 
ture was introduced to increase the current capability of IGBTs [146]. Devices 
fabricated on 10 pm thick SOI with a 2 pm BOX (Fig. 6.21) gave a current density 
of 490 A/cm 2 , which was twice as large as the equivalent IGBT, with the same 
forward blocking voltage of 3 1 0 V, and similar turn-off characteristics. The struc- 
ture used a plurality of trench MOS gates penetrating into the high-resistivity n~- 
layer, instead of the surface MOS gate of an IGBT. This gave a decrease in chan- 
nel resistance for electrons, thus enhancing the conductance. 

P-channel lateral power devices are less suitable than n-channel IGBTs for 
power applications due to the lower hole mobility, but are attractive for simplify- 
ing and reducing system costs, such as inverter ICs. However, the breakdown 
voltage tends to be degraded by a weakened RESURF effect due to its extended 
junction. Watabe et al. [133] described a novel structure, termed a p-channel dual 
action device (p-ch DAD), which was fabricated on 8 pm thick SOI with a 9 pm 
BOX. This is a hybrid device, consisting of a p-ch HVMOS and an n-ch HVMOS, 
utilising a p-drift region over an n-drift region (Fig. 6.22). The substrate was con- 
nected to the cathode to enhance the breakdown capability. It was found that the 
on-state of the device was at least 7 times that of a conventional p-channel MOS, 
without lowering the device breakdown voltage, and demonstrated 600 V level 
shifting action. 

As mentioned above, another method to increase the breakdown voltage is the 
incorporation of a SIPOS layer at the bottom of the SOI or on top of the SOI. This 
produces a more uniform lateral electric field distribution along the drift region. 
Lateral IGBTs with 600 V breakdown voltages were successfully realised using a 
0.8 pm SIPOS layer on a 0.8 pm BOX in 5.0 pm thick SOI, which required 20 pm 
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SOI and a 3 jam BOX without a SIPOS layer [94]. The disadvantages of the 
SIPOS layer are a decreased switching speed and potential surface contamination 
of the silicon [130]. 
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Fig. 6.22. Hybrid lateral power device using p-channel high-voltage MOS and n-channel 
high-voltage MOS on SOI (from [133]) 



Mil Gatel Gatc2 MT2 




Hsndiewafer 



Fig. 6.23. Structure of the bidirectional IGBT on SOI (MT1 and MT2 represent the main 
terminals and Gates 1 and 2 are the control gates) (from [142]) 

Bidirectional power switches are used for high-frequency, high-temperature 
applications in telecommunications, matrix converters, automotive, and aviation. 
Conventionally, these have been realised using using two discrete antiparallel- 
connected unidirectional IGBTs and a set of diodes. Xu et al. [142] described a 
completely integrated solution using a bidirectional LIGBT, obtained by reflecting 
the cathode side of a conventional LIGBT (Fig. 6.23), which gave significant per- 
formance advantages as well as reducing the required chip area. The structure was 
fabricated by standard BiCDMOS processing on 22 £2 cm phosphorous-doped, 20 
pm thick trench-isolated SOI having a 2 pm BOX. Excellent switching capabili- 
ties and forward blocking behaviour at temperatures up to 200°C was achieved by 
using a gate-controlled anode short. The turn-off speed was improved by a factor 
of 3 and the leakage current was reduced by a factor of 10 at 125°C (200 V ap- 
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plied to anode; gate biased with 210 V), while the maximum controllable current 
was 50% higher at 125°C, compared to conventional structures. Symmetrical bidi- 
rectional blocking voltages of 250 V were observed. The thermal properties of 
SOI LDMOSFETs and IGBTs can be improved through the use of a partial SOI 
substrate (Fig. 6.24) [2, 130]. Here, the buried oxide is patterned under the drain 
of the power device, while the low power CMOS can remain completely isolated. 
This not only allows heat to be dissipated through the holes to the substrate, but 
also allows the BOX thickness to be reduced, since the voltage is now supported 
across the depletion layer associated with the device-substrate junction. Gonzalez 
et al. [43] reported a trench-isolated SCR, or thyristor, fabricated on 15 pm SOI 
with a 2 pm BOX. Here, the application requirement was for cost-effective high- 
current (>300 mA output), high-voltage (>275 V), fast-switching IC drivers for 
plasma colour displays. 
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Fig. 6.24. Cross-sectional view of power IC based on partial SOI technology (from [130]) 
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Fig. 6.25. p- and n-channel semiconductor-controlled rectifier using trench-isolated SOI 

(from [43]) 

The structure, consisting of a p-ch and n-ch SCR (Fig. 6.25), had an area of 
150x160 pm 2 , and exhibited >1500 A/cm 2 dc current capability, >300 V break- 
down voltage and 2 ps turn-off fall time (T off ). Latchup was inhibited by the use of 
a very low R on for the logic gates, the addition of high-voltage diodes in the output 
driver circuit, increasing the triggering conditions of the SCRs, and the use of a 
shorted anode SCR. The switching time, which is a disadvantage of an SCR com- 
pared to a standard MOS, was enhanced by optimising the SOI thickness and by 
discharging the capacitative load through two diodes in the output driver. Other 
power structures based on bonded SOI include lateral static induction rectifiers 
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based on 15 jam SOI with a 3 jam BOX [145], and 1600 V isolated Form C opto- 
solid state relays on trench-isolated SOI [123]. 



6.2.4 Other Structures 

Bonded trench-isolated thick SOI substrates are well suited to the manufacture of 
photodiodes using CMOS-compatible technology, in view of their high-quality 
crystalline silicon, tight thickness control for thick layers, dielectrically isolated 
tubs, and the possibility of processing before wafer bonding. It has been found that 
wafer bonding technology significantly improves the bulk minority carrier lifetime 
and back surface recombination velocity compared to conventional polySi V- 
groove DI substrates [89]. 




Wavelength [nm] 

Fig. 6.26. Spectral response of photodiodes fabricated on trench-isolated bonded SOI and 
polySi-based V-groove DI substrates (Type II) (from [89]) 

In this work, structures were made using 20 pm thick p-type SOI layers with a 
wrap-around diffused n-type region along the inside of the BOX and trench side- 
walls, and an n + emitter at the top surface. Using the microwave-detected photo- 
conductance decay method, the carrier lifetime and recombination velocity were 
measured to be an order of magnitude higher and lower, respectively, compared to 
polySi DI counterparts. This, in combination with the larger tub volume provided 
by the vertical trench sidewalls, resulted in an improvement in short-circuit current 
density across the spectral region between 500 and 1000 nm wavelength, as well 
as an increase in open-circuit output voltage (see Fig. 6.26). Harendt et al. [49] 
fabricated photodiodes in 2-3 pm thick 3-4 Ocm n-type bonded SOI containing 
an n + As buried layer and 1 pm BOX. Trench isolation was then obtained by HBr 
plasma etching, growth of a 100 nm sidewall oxide, and refill with doped polySi. 
Shallow p + n diode junctions were subsequently formed during CMOS processing 
by implanting the surface with 50 keV BF 2 . Here, the surface and buried implant 
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doses were optimised at 10 14 atoms/cm 2 for optimum quantum yield at 550 nm 
wavelength and low turn-off time. The diodes fabricated on SOI showed similar 
efficiency in the visible region but faster response time compared to diodes made 
on bulk silicon. The same authors also reported lateral diodes prepared by diffus- 
ing p-type areas before bonding; however, the expected improvement in blue sen- 
sitivity was not observed, while high dark leakage currents were seen, possibly 
due to process-induced defect formation. 
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Fig. 6.27. Schematic of 2-dimensional electrostatically driven silicon micro-scanning mir- 
ror with trench isolation, made on thick SOI (from [121]) 

Another area where wafer-bonded thick SOI is strongly applicable is in the fab- 
rication of integrated microelectromechanical system (MEMS) devices, since it 
enables the use of single-crystal silicon for the mechanical elements, as well as fa- 
cilitating formation of these structures through selective etching of the BOX layer. 
Added to this is the potential advantage of being able to integrate the driving cir- 
cuits in the same chip, allowing system miniaturisation and cost reduction. Figure 
6.27 shows an example of a 2-dimensional electrostatically driven silicon micro- 
scanning mirror, for use in applications such as barcode scanning, displays, endo- 
scopes and laser printers [121]. The device was made using a CMOS compatible 
process, on 20-30 pm thick, highly doped SOI, with electrical isolation in the 
movable frame provided by 1 pm wide RIE-etched trenches having a 90 nm thick 
thermal oxide liner and polySi fdl. Subsequently, aluminium was deposited as the 
mirror reflective coating, and the mechanical structures were then defined by 
tetramethylammonium hydroxide (TMAH) wet silicon etching and deep reactive 
ion etching (RIE). Excellent shock resistance and high reliability over long-term 
testing was reported. 
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6.2.5 Trench Refill Technology 

In order to fabricate deep, trench-isolated structures with high aspect ratios (>10) 
in SOI, both the trench etching and trench refilling technologies must be ad- 
dressed. Optimisation of the shape of the trench profile and the conformality (ratio 
of deposited sidewall thickness to surface thickness) of the trench dielectric liners 
is important to minimise the formation of voids along the refill seam, which may 
lead to contamination or electrical problems during subsequent processing. In ad- 
dition, it is important to minimise the stress between the refilled layers and the 
sidewall silicon, since excessive stress can lead to the formation of crystalline de- 
fects such as slip dislocations in the SOI layer. It is also essential to minimise the 
degree of undercut of the silicon at the base of the trench, to reduce stress and pre- 
vent reduction of the trench breakdown voltage capability which might result from 
non-uniform dielectric film deposition. 

As shown earlier in Fig. 6.4, generally, in trench-isolated structures, the fill 
consists of an oxide liner along the trench sidewalls, to provide the electrical isola- 
tion, with any remaining gap in the centre being filled with polySi. The latter is 
usually deposited from silane gas using conventional LPCVD, which produces a 
1 00% conformal film. The conformality of the layers used for the trench refill, and 
in particular, the oxide film used to line the trench sidewalls, is an important con- 
tributing parameter in preventing the formation of a central void at the mouth of 
the trench. This void arises from “breadloafmg” at the top comers of the trench, 
which occurs if there is a lower deposition rate of oxide along the sidewalls. While 
thermally grown silicon oxide is naturally 1 00% conformal, its thickness is limited 
in practical terms from a stress consideration, since the thermal oxidation, with its 
associated increase in volume around the trench, induces high levels of stress at 
the sidewall silicon-oxide interface. As a result, most work on structures requiring 
thick oxide liners has utilised CVD TEOS oxide as the liner dielectric. Atmos- 
pheric CVD systems, such as ozone TEOS, can give films with close to 100% 
conformality, but the equipment is expensive and more suitable to large-volume 
manufacturing. On the other hand, the use of plasma-enhanced CVD as a deposi- 
tion method is limited by its low conformality of around only 30%. As a result, the 
LPCVD technique is the generally favoured method for TEOS oxide trench liners, 
having well-established equipment and processes, which have been used widely in 
industry for many years [81]. The conventional LPCVD process at 700°C and 400 
mtorr produces an oxide layer which is only around 50% conformal. When com- 
bined with trenches with straight sidewalls, this results in voiding at the mouth of 
a deep trench, as shown in Fig. 6.28a. By increasing the deposition pressure, the 
conformality can be increased to 75%, which buries the void (see Fig. 6.28b) suf- 
ficiently for application to high-voltage products. However, in many MEMS ap- 
plications, there is a requirement for void-free trench refills, and in particular, 
complete oxide trench fills. 

A process has been developed to enable controlled production quality LPCVD 
TEOS oxide films of more than 95% conformality, which gives a void-free fill 
with a 90° sidewall profile, as shown in Fig. 6.28c for a 3 pm wide by 20 pm deep 
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trench [81]. The relationship between oxide liner thickness and slip dislocation 
generation will be discussed in more detail in Sect. 6.2.6. 

To form the trenched structures, rf capacitatively coupled reactive ion etching 
(RIE) technology has traditionally been employed, using chlorine- and bromine- 
based chemistry. 




Fig. 6.28. Cross-sectional SEM images of trenches refilled using LPCVD TEOS and polySi 
processes: (a) low-conformality (50%) TEOS, (b) 75%-conformal TEOS, and (c) 95%- 
conformal TEOS 
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While this has been satisfactory for shallow etching applications with low as- 
pect ratios, problems arise when the technology is applied to deep, high-aspect ra- 
tio trenching [45]. Any bowing of the sidewall will result in a large keyhole void 
along the centre of the trench, which may lead to technical problems during fur- 
ther processing. In addition, due to a relatively low selectivity between photoresist 
and silicon, this process also requires an oxide or nitride masking layer for deep 
etches, which can lead to increased stress at the top comers of the trenches. 





Fig. 6.29. Cross-sectional SEM images of refilled trenches, showing (a) undercutting of 
silicon at the buried oxide due to a standard Bosch reactive-ion etching process, and (b) op- 
timised Bosch process without undercutting 



A superior method has been developed based on the Bosch process using an in- 
ductively coupled plasma (ICP) technology. Here, a switching process is em- 
ployed using SF 6 and C 4 F 8 as the etching and passivation gases, respectively, 
which can produce a straight-walled deep trench with high aspect ratio. The proc- 
ess is highly selective to photoresist, and hence has the advantage that it can be 
used without the need of an additional masking layer. However, the original proc- 
ess results in undercutting of the silicon at the buried oxide-silicon interface, as 
shown in Fig. 6.29a. This is due to an accumulation of localised positive charge in 
the buried oxide, which deflects incident ions towards the trench sidewall at the 
base. These deflected ions quickly sputter away the thin polymer film and attack 
the exposed silicon. In order to prevent this, the process parameters were modified 
to minimise charging at the oxide interface, resulting in the prevention of undercut 
(Fig. 6.29b). The refill can be further improved by tapering the top region of the 
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trench, which can reduce the formation of voids originating from breadloafing of 
the TEOS liner. 

By ramping the etching parameters, the degree of taper can be varied over 
different parts of the trench, to reduce or eliminate any voiding. This can help 
offset the effect of poorly conformal TEOS, to bury the void well below the 
surface. An undesirable feature of the Bosch process is the formation of scallops 
along the trench sidewalls, as a result of the etching/passivation switching process. 
While these can be minimised to <100 nm depth, they impact the trench refill 
since they can result in the formation of a series of beaded voids along the centre 
of the trench, even with high-conformality refills (see Fig. 6.30). 




Fig. 6.30. Cross-sectional SEM image of refilled trench, showing beaded voids in the centre 
of the polySi fill, resulting from sidewall scallops 




Fig. 6.31. Cross-sectional SEM image of trench refilled with 95% conformal LPCVD 
TEOS oxide, showing no voiding (from [81]) 



In this case, the combination of a strong taper over the first micron of the trench 
and a shallow taper along the length of the trench can eliminate the beads, as 
shown in Fig. 6.31 for a complete TEOS oxide refill. Hence, the combination of 
high-conformality TEOS and trench tapering can be used effectively, to achieve 
voidless refills for both complete oxide and oxide/polySi combinations, as illus- 
trated in Fig. 6.32 for a 50 pm deep trench with a 500 nm TEOS oxide liner [18]. 
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Fig. 6.32. Voidless refilled trench in 50 pm thick SOI using 500 nm TEOS oxide liner and 
polySi fill 



6.2.6 Trench-Related Slip Dislocation Generation 

The generation of crystalline defects in the SOI layer, in the form of slip disloca- 
tions, due to stresses at the trench sidewalls, has been- well documented [11, 18, 
23, 61, 101, 102]. The stress originates from the difference in thermal expansion 
coefficient between silicon and its oxide, so that as the structure cools from tem- 
peratures above around 900°C, the silicon contracts faster than the oxide, creating 
a tensile stress in the silicon. When the stress exceeds the strength of the silicon 
lattice, the dislocations are created, and can be observed to propagate outwards 
from the regions were the stress is greatest. Raman spectroscopy combined with 
stress modeling has shown that the stress peaks at the bottom and top comers of 
the trenches, and increases with decreasing area of the isolated tubs [11]. Typi- 
cally, the defects mn along the (1 1 1) crystalline plane (Fig. 6.33) from the trench 
comers, up through the SOI layer at an angle of 54°, to the SOI surface [18, 85]. 
They can be detected using a chemical defect-decorating etch, such as a Wright or 
Secco etch, or by surface inspection with Nomarski phase-sensitive optical mi- 
croscopy [101]. As an example, Fig. 6.34 shows a plan view of a 20 pm thick 
trenched and refilled SOI sample, decorated using a Secco etch and inspected un- 
der Nomarski, where the slip can be seen to meet the wafer surface as lines run- 
ning approximately parallel to the trenches. These defects may be undesirable for 
electronic device fabrication because they can act as channels for dopant diffusion 
through the SOI, resulting in leakage paths, or can collect metallics and other im- 
purities. 

On the other hand, if devices are fabricated away from the slip regions, the dis- 
locations can actually improve electrical performance by acting as internal getter- 
ing sites of impurities [143]. It is possible to engineer around the slip problem, for 
example by designing outside the slip regions, or by using multiple trenches to al- 
low the oxide thickness to be reduced while maintaining the same breakdown 
voltage. However, these put a limitation on the potential for die shrinkage, while it 
is still important to keep any generated slip at a workable level. Hence, there is a 
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need both to understand the slip generation mechanisms and to control the occur- 
rence and level of the dislocations. 

Relatively little work has been reported on the simulation and measurement of 
the stresses in trench- filled SOI material. Ikeda et al. [61] reported a stress map for 
a thermal oxide-lined trench in SOI, showing maximum stress at the bottom cor- 
ner of the trench. 





Fig. 6.33. Stress-induced slip dislocation generation at filled trenches in thick SOI: (a) 
cross-sectional SEM image of a 20 pm SOI containing a buried implant, showing Secco- 
etch decorated slip defects (etch pits); and (b) cross-sectional TEM image of slip disloca- 
tions generated at the trench bottom comer (from [85]) 

The stress was calculated to range from 100 to 400 MPa on increasing the oxide 
thickness from 20 to 300 nm, with the latter thickness giving severe slip genera- 
tion in fabricated BiCMOS samples. In contrast, micro-Raman spectroscopic 
measurements on refilled 2 pm thick trenches with a thermal oxide liner indicated 
a tensile stress of 500 MPa in the silicon, but no evidence of dislocation formation 
in high-voltage (530 V) bipolar structures on 20 pm SOI [147]. 

The threshold stresses for slip dislocations in trench-isolated bulk wafers were 
examined theoretically by Peidous et al. [109], using three-dimensional computer 
simulation. The simulations were compared to practical structures with shallow 
trench isolation, fabricated with thermal and LPCVD oxide liners, and examined 
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by optical microscopy after Secco etching. It was concluded that while in some 
cases the underlying dislocation generation was triggered by randomly distributed 
dislocation sources in the silicon, the onset of defects in patterned wafers was 
more likely the result of homogeneous dislocation nucleation in stress fields. 




Fig. 6.34. Nomarski optical micrograph of the Secco-etched surface of a trenched SOI 
sample, showing decorated slip lines running parallel to the trenches (from [102]) 

For example, the degree of slip increased with decreasing trench width between 
0.50 and 0.24 pm, attributed to increased stresses in the narrow trenches and/or in- 
creased silicon damage caused by the etching process. The slip was also greater in 
meandering trench patterns compared to straight lines, and depended on the size of 
regions subjected to stresses above around 100 MPa. Areas with additional boron 
doping were found to be particularly susceptible to slip. In another study, 
Baumgart et al. [11] examined stresses in trench-isolated bonded 1.5 pm thick SOI 
using a Raman microprobe (spot size = 0.2 pm) to directly measure the stress lev- 
els in the silicon around the trenches. The results were compared to theoretical 
modeling of the stress by finite element analysis. Here, RIE-etched 1.0 pm wide 
trenches were lined with a 50 nm thermal oxide, followed by 0.3 pm thick TEOS 
oxide. Large tensile stresses were measured in the silicon close to the trench side- 
wall, with the level being strongly dependent on the width of the silicon islands 
between trenches. For example, the stress was 600 MPa and 200 MPa, respec- 
tively, for island widths of 1 pm and 5 pm. This was attributed to arise mainly 
from the thermal oxidation. In agreement, the simulations showed the largest 
stress in the silicon to occur at the trench sidewalls. 

In fabricated trenched SOI structures, the generation of slip is naturally strongly 
dependent on the thickness of the oxide layer [18, 61, 102, 134]. However, the 
threshold oxide thickness at which slip first appears in any given structure has 
been found to be dependent on a number of interacting parameters, including ox- 
ide growth type, SOI thickness, trench profile, silicon material characteristics, 
thermal budget and the incorporation of external dopants into the SOI layer. Fig- 
ure 6.35 shows the dependence of slip generation on both grown-in dopant con- 
centration and dopant species in different silicon materials, for refilled structures 
after stress-inducing thermal cycling at 1050°C [101]. The data falls into three 
categories. Firstly, heavily boron-doped material was very susceptible to slip. This 
was attributed to the formation of a high density of oxygen-related defects in the 
material during the high-temperature bond anneal, which then nucleated the slip 
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dislocations. Moderately doped boron and phosphorous specimens were grouped 
into a second category, showing 40-80% slip after thermal cycling, with little ap- 
parent dependence on dopant concentration down to levels approaching intrinsic 
silicon. The amount of slip in this category reflects the ability of the Si-Si0 2 inter- 
face in intrinsic materials to nucleate dislocations under stress. On the other hand, 
the arsenic and antimony doped samples showed much less slip generation (see 
Fig. 6.35). 




Dopant concentration (atoms/cm 3 ) 



Fig. 6.35. Degree of slip as a function of doping concentration for thermally cycled trench- 
isolated, 20 pm thick SOI with various SOI layer dopants (liner oxide thickness =1.1 pm) 
(from [101]) 




Fig. 6.36. Plan-view Nomarski image showing slip lines at the surface of a trenched and re- 
filled 20 pm thick SOI sample using (111) orientated material (from [101]) 



It was suggested that these dopants inhibit slip dislocation generation by segre- 
gation to the Si0 2 /Si interface at high enough concentration that their size differ- 
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ence with Si might then relieve the interfacial stress. It was concluded that the 
generation of slip is controlled by the ease of dislocation nucleation at certain sites 
along the trench sidewall, rather than variations in dislocation mobility. These 
sites might be, for example, crystalline damage caused by the trenching process, 
or grown-in crystal defects in the material. 

The same study also examined the influence of crystal orientation, where (111) 
orientated material showed a slightly higher slip threshold than (100) material. 
However, in practical terms, the (111) material may be less desirable since, once 
slip occurs, it is seen to propagate diagonally across the tubs (Fig. 6.36). It would 
therefore be more difficult to design components outside the slip areas. 



Table 6.1. Dependence of slip generation on SOI thickness and TEOS oxide liner thickness 
in trenched, refilled and annealed SOI samples 3 



SOI type* 


SOI material 


SOI thickness 

(jim) 


Liner thickness 
(Mm) 


Degree of slip 
(%) 


A 


CZ 


20 


0.9 


2 


A 


CZ 


30 


0*9 


5 


A 


CZ 


50 


0.9 


35 


A 


CZ 


20 


0.7 


0 


A 


FZ 


20 


0 + 7 


0 


A 


FZ 


20 


0.9 


0 


A 


CZ 


20 


L2 


5 


A 


FZ 


20 


L2 


5 


B 


CZ 


35 


0,25 


0 


B 


CZ 


35 


0.30 


5 


B 


CZ 


35 


0.35 


60 


C 


CZ 


35 


0.55 


0 



a SOI material = n-type (P), (100) with sidewall doping; trench width 3 pm 

b Type A = unimplanted; Type B = 5 x 1 0 15 As atoms/cm 2 buried implant; Type C = as B, but 

with pre-bond treated device wafer 



The SOI thickness has been found to have a strong influence on slip generation, 
as shown in the upper part of Table 6.1 for samples with a 0.9 pm thick TEOS ox- 
ide liner [102]. Here, the degree of slip increased markedly when the SOI thick- 
ness was increased from 35 to 50 pm, while negligible slip was seen at 20 pm. 
This indicates that the stress causing slip at the trench bottom comer is an accumu- 
lation of the total stresses along the oxide liner/Si sidewall interface, which will 
therefore depend on the length of this interface. 

The dependence of slip generation on material growth type (Float Zone, FZ, 
versus Czochralski, CZ) has also been reported, with results also summarised in 
Table 6.1, for 20 pm thick SOI [102]. Here, it was found that the TEOS oxide 
liner could be increased to around 1.2 pm sidewall thickness before inducing a 
small degree of slip in the structure. Little influence of the growth type was seen, 
with the low-oxygen (<10 16 atoms/cm 3 ) FZ material behaving similarly to the CZ 
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material, which had an oxygen level of 6-7><10 17 atoms/cm 3 . The use of a depos- 
ited TEOS oxide allows much thicker trench liners compared to a thermal oxida- 
tion, which has been reported to induce slip at sub-0.1 pm thicknesses [61]. The 
higher levels of stress in thermal liners compared to CVD oxide liners appears due 
to the extra stress caused by volume expansion of the silicon into the BOX at the 
trench bottom comers during the oxide growth (the volume of Si0 2 is about twice 
that of the unoxidised silicon). By limiting the thermal oxide liner thickness to 200 
nm in combination with a 500 nm thick TEOS oxide liner and polySi fill, Cowen 
et al. were able to fabricate HVMOS transistors with slip dislocation-free trench 
isolation in 20 pm thick SOI, which gave a dc isolation of >350 V [23]. In agree- 
ment, it was reported that defects in bipolar transistors could be reduced by mini- 
mising the amount of thermal oxidation of trenches and by modifying the oxide 
growth temperature [32]. 



Table 6.2. Dependence of slip generation on arsenic buried implant dose, silicon oxygen 
content and growth method of device material used for SOI fabrication, in 20 pm thick 
trenched, refilled and annealed samples with a 0.6 pm thick TEOS oxide liner 3 



Oxygen 

concentration 

(atoms/cm 3 ) 


Growth type 


Implant dose 
(As atoms/cm 2 ) 


Degree of slip 
(%) 


7*10 17 


CZ 


0 


0 


7xl0 17 


CZ 


3xJ0 13 


0 


7x 10 17 


CZ 


5x|0 15 


0 


6x]0 17 


CZ 


0 


0 


6x]0 17 


CZ 


3x!0 13 


0 


6x]0 17 


CZ 


5x|0 ls 


60 


<10 16 


FZ 


0 


0 


<10 16 


FZ 


3x)0 13 


0 


<10 16 


FZ 


5xJ0 ls 


100 



a SOi material = 3-15 Qcm n-type (P), (100); trench width = 3 pm 

The discussion so far has mainly focused on slip in SOI without buried dopant 
layers. However, as described above, it is often advantageous to include a heavily 
doped layer beneath the active device region and/or along the trench sidewalls. 
This gives performance advantages such as latchup prevention, diode leakage re- 
duction, gate-oxide integrity improvement, and the possibility of proximity getter- 
ing of metallic impurities. Usually, the buried doped layer is formed by blanket- 
implanting the surface of the device wafer before joining to the handle, so that a 
doped region is formed above the BOX by diffusion into the bottom region of the 
SOI layer during the bond anneal. The inclusion of these dopant layers has been 
found to have a dramatic effect on slip performance [101, 102]. As shown in Table 
6.1 (sample type B), the threshold TEOS oxide liner thickness for slip generation 
is a factor of 3 smaller than in the absence of a buried implant. Thus, the introduc- 
tion of a heavily-doped implanted layer appears to weaken the silicon material 
close to the bonded interface. In this case, in contrast to structures without a doped 
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layer, a strong dependence of slip performance was observed on the oxygen con- 
tent of the silicon material, which also depended on the implant dose [102]. Table 
6.2 compares slip results for CZ material having two different oxygen contents 
(6xl0 17 and 7><10 17 atoms/cm 3 ) and low-oxygen (<10 16 atoms/cm 3 ) FZ material, 
prepared using different implanted doses of arsenic. Here, unimplanted controls of 
all types of material showed no slip generation after trench refill and annealing at 
1050°C. Similar results were obtained with a low As implant dose of 3><10 13 As 
atoms/cm 2 , but when the dose was increased to 5><10 15 atoms/cm 2 , the low-oxygen 
CZ and the FZ samples showed severe slip after annealing of the 0.6 pm TEOS 
oxide liner. 



SOI 



a 



BOX 



50 nm 



SOI 


b 


BOX 


50 nm 



Fig. 6.37. Cross-sectional TEM images of SOI samples with a 5 x 1 0 15 atoms/cm 2 , 80 keV 
As buried implant, for silicon with different oxygen contents: (a) 7><10 17 atoms/cm 3 ; and 
(b) 6xl0 17 atoms/cm 3 

On the other hand, the higher-oxygen CZ wafers remained free of slip through- 
out the entire trench refill and annealing process. Clearly, therefore, the silicon 
material appears to be weaker in the case of the lower oxygen material when a 
high-dose implant is incorporated. In the case of the high-dose implanted samples, 
cross-sectional transmission electron microscopy (TEM) in conjunction with sec- 
ondary-ion mass spectroscopy (SIMS) analysis identified a band of silicon carbide 
precipitates in the SOI layer, running parallel to the bonding interface, at a dis- 
tance of about 50 nm above it, which is the region where the peak concentration of 
arsenic atoms is expected to lie immediately after implanting (Fig. 6.37a). It was 
concluded that the carbide originates from carbon contamination at the bonding 
interface, which has diffused into the silicon during the bond anneal, and precipi- 
tated out at areas of crystalline damage caused by the implanting process. Whether 
the increased slip is associated with the damage or the precipitates could not be 
ascertained. Evidence for accumulation of oxygen in the implanted region was 
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also found, so that the increased resistance of the high-oxygen material could be 
attributed to inhibition of slip dislocation formation or propagation by oxygen in 
this region. This can be seen by comparing Figures 37a and 37b, where both sam- 
ples have a band of carbide precipitates, but only the low-oxygen material showed 
defects in the silicon. 

Table 6.3. Dependence of slip generation on buried implant species in 20 pm thick 
trenched, refilled and annealed SOI with a 0.55 pm thick TEOS oxide liner a 



Implant species b 


none 


B 


P 


As 


Sb 


Degree of slip (%) 


0 


100 


47 


49 


100 



a SOI material = n-type (P), CZ (100); trench width = 3 pm 
b Implant dose = 5 x 1 0 1 5 atoms/cm 2 



Table 6.4. Dependence of slip generation on phosphorous sidewall doping level in 20 pm 
thick trenched, refilled and annealed SOI with a 0.8 pm thick TEOS oxide liner 3 



Dopant dose (P atoms/cm 2 ) 


0 8*10 14 3*10 15 


Ixio' 6 


Degree of slip (%) 

v i i ! _ i / in % r 11 ? / inn\ _ 


0 0 70 

. .I. r t a _ ... s 2 l : . j 


95 



Comparison of slip behaviour as a function of the implanted species (Table 6.3) 
showed degraded performance in all cases, but with a different dependence on 
dopant species compared to the results for grown-in dopants [101]. Here, the dam- 
age caused during the implantation appeared to mask any beneficial effect which 
the presence of the dopant atoms might give. In fact, antimony showed the worst 
results, possibly due to the greater damage caused by its larger size compared to 
the other species. It was found that pre-treating the implanted wafers by annealing 
to remove the crystalline damage before joining, resulted in a large improvement 
in slip behaviour, allowing a 100% increase in threshold liner thickness (Type C in 
Table 6.1). This was accompanied by an absence of silicon carbide precipitates, 
indicating less crystal damage in the implanted region, which enhanced the resis- 
tance of the material to slip generation. In addition to the effects of implanting 
dopants, it was also reported that sidewall doping of the trenches can have a det- 
rimental effect on the slip behaviour [102]. Table 6.4 shows the slip generation as 
a function of phosphorous sidewall doping concentration in SOI which also had a 
buried implanted arsenic layer. The phosphorous layers were formed by doping 
from solid sources before depositing the oxide liner. Here, the structures showed 
slip above a threshold level of about 3><10 15 atoms/cm 2 dopant dose. 

As mentioned earlier, the control of the trench sidewall profile has an important 
influence on slip, since any spikes along the sidewall surface, and particularly near 
the highly-stressed trench bottom, will cause enhanced stress at the silicon-oxide 
interface. Figure 6.38 compares two filled trenches of a high-voltage structure; 
one trenched using an optimised Bosch process, the other with undercutting of the 
silicon at the trench bottom, creating spikes in the trench sidewall. Here, thermal 
cycling resulted in the generation of slip from the bottom comer in the latter struc- 
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ture, as shown by Secco etching of cross-sections, while the former showed an ab- 
sence of slip [102]. Hence, the development of a dry etching process which can 
produce a smooth trench profile with no undercutting of the silicon at the buried 
oxide is extremely important for controlling slip in SOL 
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Fig. 6.38. SEM images of the trench bottom of trenched and filled SOI samples: (a) with- 
out, and (b) with undercutting of silicon (from [102]) 

An alternative process for reducing slip generation at filled trenches was dem- 
onstrated by Heinle et al. [52], for the fabrication of high-voltage vertical DMOS 
RESURF structures on 50 pm thick SOI with a buried n + layer. In this work, the 
high-temperature DMOS processing steps were carried out before trenching, 
which eliminated slip dislocations for 4 pm wide trenches with diffused phospho- 
rous sidewall doping, refilled with a 0.8 pm TEOS oxide liner and polyS i fill. 
These transistors had 480 V breakdown and 0.17 Ocm 2 specific R^. 



6.2.7 Oxygen-Related Crystalline Defects 

Oxygen is one of the most important impurities incorporated in silicon material, 
and its behaviour has been the subject of extensive study [108]. Oxygen in CZ ma- 
terial originates from the dissolution of the quartz crucible as the crystal is grown, 
when it is transported to the crystal-melt growth interface and segregated into the 
crystal. At commonly used processing temperatures, oxygen can reach supersatu- 
ration, which leads to the formation of silicon oxide precipitates, the amount and 
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size of which depends critically on the thermal history of the crystal, vacancy con- 
centration and interstitial oxygen concentration. Precipitates can have both benefi- 
cial and harmful effects on the device performance. If they are located in the de- 
vice-active region, they act as recombination/trap centers for carriers and can 
reduce the mechanical strength of the silicon when their concentration becomes 
too high. They can also form stacking faults during subsequent thermal oxidations, 
which, for example, will have a detrimental effect on the gate oxide integrity of 
MOS devices. On the other hand, the precipitates can have a beneficial effect in 
gettering undesirable metallic impurities, provided they are confined far from the 
silicon surface. For this reason, thermal cycles aimed at the formation of a defect- 
free zone (denuded zone) at the wafer surface and a bulk region containing oxygen 
precipitates have been developed. Here, the wafers are first subjected to a high- 
temperature annealing step at around 1150°C, to dissociate precipitates and de- 
plete the upper surface region of the wafer of oxygen, then a low temperature cy- 
cle (~700°C) to nucleate a high density of precipitates in the bulk region of the wa- 
fer, and finally a long moderate-temperature anneal in the region of 1000°C, to 
grow these precipitates. This is termed intrinsic gettering. Other methods for get- 
tering impurities, known as extrinsic gettering, involve the creation of defects on 
the back of the wafer, for example, by mechanical damage, deposition of polySi, 
or the incorporation of high levels of dopants. 

In the case of SOI, the high-temperature steps involved in bonded wafer fabri- 
cation will influence the formation of oxide precipitate nuclei and their growth in 
CZ material, either during the bonding process or subsequent processing of the 
wafers through high-temperature steps [1, 18, 90, 107, 108]. Control of these de- 
fects is therefore important to enable fabrication of high-quality electronic devices 
in the bonded SOI material. In addition, the presence of the buried oxide in SOI 
tends to prevent impurities from reaching any bulk or or back-surface gettering 
sites which might be introduced into the handle wafer, so that the traditional 
schemes used for bulk silicon wafers are not effective. Any viable gettering 
method therefore requires the formation of sites in, or adjacent to, the SOI layer. 
One proposed method is through the introduction of slip lines at trenches in the 
SOI [143], although this places limitations on the size of the die (see Sect. 6.2.6). 
Another method is to introduce an implanted layer at the bottom of the SOI, as de- 
scribed below. 

Table 6.5. Oxygen-related defect density and minority carrier lifetime versus oxygen con- 
centration in n-type CZ SOI after a 500 nm wet oxidation 



Oxygen concentration 
(*1Q n atoms/cm*) 


Defect density 
(defects/cm 3 ) 


Average lifetime 
(MS) 


5.9 


2.8* 10 3 


133 


6.4 


].lx]0 3 


138 


6.7 


4.9x]0 3 


150 


7.0 


9.2x1 0 4 


102 



The dependence of oxygen precipitate and stacking fault formation in SOI lay- 
ers has been studied for both p-type and n-type CZ materials, as functions of both 
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the oxygen concentration and the thermal history of the wafers [108]. As shown in 
Table 6.5 for n-type material, the oxygen-related defect density increases dramati- 
cally when the oxygen content reaches 7.0><10 17 atoms/cm 3 , with an associated 
degradation of the minority carrier lifetime in the surface region of the SOI layer. 

Table 6.6. Oxygen-related defect density and minority carrier lifetime for various oxygen 
contents and arsenic implant doses, in n-type CZ SOI after a 500 nm wet oxidation 



Oxygen 
concentration 
(*10 i7 atoms/cm 3 ) 


As implant dose 
(atoms/cm 2 ) 


Defect density 
(defects/cm 2 ) 


Average 
lifetime (ps) 


6.0 


0 


8.0XIO 3 


71 


7.0 


0 


9. 1 x 1 0 4 


54 


5.9 


3*10° 


5.1 xio 3 


169 


7.0 


3 x 10 13 


l.4xl0 5 


131 


5.9 


5*10 15 


2.2 xlO 3 


605 


7.0 


5*10 ,s 


I.5xl0 3 


717 



Similar results were seen for p-type material, as illustrated in the optical micro- 
graphs of Fig. 6.39. The introduction of a buried arsenic layer into the SOI has a 
dramatic effect on both the carrier lifetime and the defect density (Table 6.6), the 
size of the effect depending on the arsenic dose. A low-dose implant gives a mod- 
erate increase in lifetime but has little effect on the level of defect formation. On 
the other hand, a high-dose implant gives an 5-fold increase in the carrier lifetime, 
together with a reduction in defect density by two orders ot magnitude for high- 
oxygen material. This appears due to an internal gettering mechanism, in which 
the implant accumulates metallic and other impurities from the SOI layer. 

Table 6.7. Oxygen-related defect density and minority carrier lifetime in n-type CZ SOI 
processed with or without a pre-bond 700 °C anneal 



Anneal 


As implant dose 
(atoms/cm 2 ) 


Defect density 
(defects/cm 2 ) 


Average lifetime 
(gs) 


without 


0 


2x]0 3 


130 


with 


0 


8x]0 4 


no 


without 


5* 10 l! 


<lxlO J 


560 


with 


5x 10 15 


9x]0 4 


420 



Similar results have been reported for implants other than arsenic [101]. Any 
pre-bond thermal treatment of the material can also influence the formation of de- 
fects in the SOI. It was found that subjecting CZ device wafers to a low- 
temperature anneal before bonding resulted in the generation of a high density of 
oxide precipitate nuclei. These subsequently grew during the high-temperature 
bond anneal, to produce a high level of stacking faults (Table 6.7). In this case, the 
presence of a buried implant was insufficient to limit the growth of precipitates. 
Hence, post-implant processing must carefully avoid low-temperature treatments 
prior to the bond anneal [108]. 
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In summary, in order to minimise the generation of slip and oxygen-related 
crystalline defects in SOI material, particularly in the presence of a buried implant, 
there must be a balance between using a high enough oxygen content to give suf- 
ficient strength, and keeping the oxygen low enough to maintain a low level of 
oxygen-related stacking faults. With high implant doses, this upper oxygen limit 
can be extended to higher levels, as a result of the internal gettering effect. 




Fig. 6.39. Plan-view Nomarski optical micrographs of oxygen-related defects in p-type SOI 
with various oxygen contents, after growth of a 500 nm oxide at 1050°C: (a) 6.0><10 17 at- 
oms/cm3; (b) 6.6><10 17 atoms/cm 3 ; and (c) 7.2* 10 17 atoms/cm 3 (from [108]) 



6.3 Multiple-Layered and Patterned SOI Structures 

The fabrication of stacked structures containing multiple layers of SOI allows the 
production of wafers containing both micromachined and trench-isolated inte- 
grated electronic devices in a single die [17, 21]. Using this technology, there is 
the possibility of including buried intermediate layers within the SOI structure, 
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which can act as etch stops, interconnects between different SOI layers, or buried 
ground planes to enhance the performance of the electronic devices. To exploit 
this potential, custom-made multiple-layered SOI, such as the MultiBond™ sub- 
strate [21], are now commercially available to the same specification as standard 
SOI wafers. As an example, Fig. 6.40a shows a schematic diagram of a bonded 
double-SOI substrate having a released gold-coated mirror formed in the top 10 
pm thick SOI layer, together with TI high-voltage controlling and sensing cir- 
cuitry [16, 65]. Here, a doped polySi layer was incorporated into the structure by 
depositing over an oxide layer, the polySi was patterned, and then bonded to a 10- 
100 pm thick spacer SOI layer. 



Mmw Liyer 
layer 

Handle wife? 



M E3 oxide 1 EHtxi iingJe-crySal jlIkwi 





Fig. 6.40. (a) Cross-section of a trench-isolated double-SOI optical MEMS structure con- 
taining a released mirror together with high-voltage controlling electronics; (b) deflection 
angle versus drive voltage for gold-coated mirrors in an array of this structure (from [65]) 

This was subsequently bonded to the top SOI layer and connected to the con- 
trolling circuitry through via-trenches filled with doped polySi, to create an elec- 
trical connection through the SOI spacer layer for actuating the mirrors. The deep 
via-trenches were lined with oxide to provide trench isolation, while trench isola- 
tion was also fabricated in the top SOI layer for the high-voltage electronics. The 
deflection response of the mirrors as a function of the applied driving voltage is il- 
lustrated in Fig. 6.40b. 

The concept of doped polySi vertical interconnects was also used by Harendt et 
al. [50] for the fabrication of vertical image sensor structures consisting of a layer 
containing pn photodiodes on top of a CMOS-preprocessed layer. In this process, 
a 3 pm thick SOI wafer containing oxide-lined RIE-etched trenches was bonded to 
a 0.8 pm CMOS-processed substrate via multiple patterned polySi and polished, 
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annealed plasma enhanced chemical vapour deposition (PECVD) TEOS oxide 
layers, using an aligned bonding technique. The handle wafer of the SOI was then 
removed, and the polySi vertical interconnects to the CMOS substrate formed. Fi- 
nally, metallisation was carried out on the top surface of the photodiode layer. 
This method allowed separate processing and optimisation of the photosensitive 
elements and CMOS circuitry, giving reduced die size and improved fill factor. 



6.4 Silicided SOI Structures 

Conductive buried layers are widely used in IC processes which incorporate tran- 
sistors with vertical current flow, including bipolar transistors and power MOS 
transistors used for smart power applications. The buried layer improves the speed 
and power handling capability by lowering the resistance of the collector/drain of 
the device. The use of metal silicide as a buried layer can give a conductive layer 
several times more conductive than can be achieved with a buried implanted layer, 
and many times that achievable using epitaxial technology. This can minimise the 
collector series resistance, increase the speed, and reduce the SOI layer thickness 
and chip area [15, 36, 37]. The silicide-single-crystal interface can also act as an 
internal gettering site to trap heavy metals or other crystallographic defects, keep- 
ing the SOI layer defect free. The technology is also attractive for the production 
of multiple output vertical power DMOS applications, permitting independent 
metal contact to the drains of transistors on a single chip [40]. In addition, the lay- 
ers can function as reflectors in the visible and infrared light regions to enhance 
the performance of optoelectronic devices [8], or as pathways for the diffusion of 
dopants into devices as a result of their high diffusion coefficients for dopants 
such as phosphorous and boron [37]. Alternatively, by positioning the silicide 
layer below the BOX at the top of the handle wafer, it can act as a highly conduc- 
tive ground plane to improve the performance of rf devices [36, 37]. 

Two approaches have been utilised to incorporate silicide layers into SOI struc- 
tures. The first involves the deposition of a metal layer which is then converted 
into silicide by reaction of the metal with silicon during the bond anneal. Fabrica- 
tion of silicon-on-silicide-on-insulator (SSOI) structures by wafer bonding was re- 
ported for WSi 2 and TiSi 2 buried layers [40]. These were prepared by sputtering 
50 nm or 80 nm thick layers of tungsten or titanium, respectively, onto a silicon 
substrate. In the case of tungsten, a 0.8 pm thick LPCVD polySi layer was then 
deposited, polished, joined to an oxidised handle wafer, and bond-annealed at 
1000°C for 1-2 h. This converted the W layer into WSi 2 with a resistivity of 
30pf2cm, via diffusion of Si from the single-crystalline wafer. Scanning acoustic 
microscopy (SAM) found no voids at the bonded interface. The WSi 2 showed no 
change in resistivity after annealing at 1000°C for 6 h. It was found that an implant 
of phosphorous (10 14 atoms/cm 2 at 80 keV) into the device wafer before tungsten 
deposition was required to produce an ohmic contact between the WSi 2 and sili- 
con. In the case of Ti, the sputtered film was bonded directly to an oxidised han- 
dle, followed by rapid thermal annealing at 800°C for 10 s, to give a 10 pf2cm 
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TiSi 2 layer. Here, an ohmic contact was achieved using a diffused boron layer 
prior to Ti deposition. On annealing at 1000°C, the TiSi 2 layers exhibited an in- 
crease in resistance due to formation of TiO x , showing the need for a polySi 
spacer layer between the oxide and silicide. Using a similar method, SSOI wafers 
were prepared by sputtering a 50 nm thick tungsten layer onto an n-type epitaxial 
wafer having a surface arsenic implant (3* 10 15 atoms/cm 2 at 40 keV), and bonding 
via a thin, polished layer of LPCVD polySi, to an oxidised handle wafer [42]. This 
produced a 120 nm thick layer of WSi 2 with a sheet resistance of 2.5 Q/sq. The 
SOI layer was then thinned to 2 pm by grinding and CMP. Diffused p + n diodes 
fabricated on this substrate (Fig. 6.41) had excellent J-V characteristics, with a di- 
ode ideality factor of 1.005, low leakage, and a minority carrier lifetime of 500 ps. 
No evidence was seen of stress-induced defects or degraded performance due to 
tungsten migration during processing, showing that the substrate is compatible 
with standard IC manufacturing processes at 1000°C. MOS capacitors fabricated 
on 5 pm thick n-type SSOI using a similar method, also gave excellent high- 
frequency C-V properties with a minority carrier lifetime of 200-1000 ps, with no 
adverse effects of 4 h post-bond processing at 1000°C [41]. 




Handfe wafer 



pofysilicort buffer layer 
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Fig. 6.41. Cross-section of diffused p + n diodes fabricated on silicon-on-silicide-on-insulator 
substrates (from [42]) 

Other groups have fabricated SSOI structures containing titanium silicide, tan- 
talum silicide and cobalt silicide. However, in these cases problems were encoun- 
tered with stress in the silicide layers due to the volume expansion during the sili- 
cide reaction. This limited the film thickness to 120 nm and the maximum 
temperature to 1000°C [139]. In addition, while void-free bonding can be 
achieved, it has been reported that WSi 2 SSOI prepared by this method can be 
prone to voiding problems in the silicon [36]. 

In the second method, aimed at overcoming the voiding and stress limitations 
of the reaction technique, the silicide is deposited directly by chemical vapour 
deposition and then bonded to a handle wafer. SSOI structures were prepared by 
depositing 0.3 pm thick tungsten silicide films directly onto silicon substrates by 
CVD using WF 6 and SiH 4 as precursor gases [139]. This resulted in an amorphous 
layer of around WSi 25 stochiometry. The silicide layer can be converted into a 
crystalline film with a sheet resistance of 2 O/sq by annealing at above 1000°C. 
The as-deposited layers were bonded either via a polySi layer to an oxidised han- 
dle or via a deposited LPCVD TEOS oxide layer to an unoxidised handle wafer. 
Annealing at 1100°C then both fusion-bonded the wafers and created the highly 
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conductive crystalline silicide layer. SAM imaging showed an excellent void-free 
bonding yield. Alternatively, annealing of the silicide layer at 1100°C before 
bonding gave similar results. The obtained 5-10 pm thick SSOI could be trenched 
by RIE using HBr chemistry, refilled with oxide and polySi, planarised, and 
capped with LPCVD TEOS oxide, to fabricate trench-isolated structures. Subse- 
quent subjection to wet oxidation processing at 1 150°C showed no delamination at 
the interfaces or break-up of the silicide layer by scanning electron microscopy 
(SEM) analysis, indicating that the structures can undergo high-temperature IC 
processing without degradation. The silicon-silicide interface was found to be 
abrupt and undulating due to the reaction of the silicide with the silicon layer dur- 
ing the bond anneal [98]. It was also found that implanting an arsenic layer into 
the surface of the wafer before silicide deposition produced a good ohmic contact 
between the silicide and the device silicon and further reduced the silicide resis- 
tance. High-speed bipolar transistors have been successfully fabricated on this 
type of structure, using trench isolation in 1.5 pm thick SSOI layers having a 0.2 
pm thick WSi 2 layer and buried As implant to provide an ohmic contact (Fig. 
6.42) [44]. 



Base Emitter CoJIwstof 




Fig. 6.42. Trench-isolated npn bipolar transistor fabricated on silicon-on-silicide-on- 
insulator substrate (from [44]) 

These exhibited excellent isolation and excellent device linearity over many or- 
ders of collector current, showing that the active film is uncontaminated by the 
buried silicide film. Concerning possible contamination effects from the WSi 2 
layer, SIMS profiling showed no out-diffusion of tungsten from the silicide into 
the SOI silicon layer, nor metallic contamination in the silicon [97]. Here, ohmic 
contact with n-type Si was achieved with a 10 13 atoms/cm 2 As dose, while no im- 
plant was required with p-type material. In addition, surface photo voltage meas- 
urements on SSOI and bulk wafer controls processed together at 1150°C showed 
no evidence of contamination from the buried silicide. In agreement, control wa- 
fers processed together with SSOI showed no degradation of carrier lifetime dur- 
ing IC fabrication, as measured by microwave reflectance [76]. 

The use of a WSi x (x~2) layer as a dopant diffusion channel in the fabrication 
of complementary bipolar and BiCMOS circuits has also been proposed [36, 37], 
since the diffusivity of As, P and B in the polycrystalline WSi x is about six orders 
of magnitude higher than in single-crystal silicon. Here, n + and p + sinker implants 
for the collectors are carried out separately after trench isolation. The dopants then 
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diffuse rapidly along the silicide, to act as a doping source for the silicon, and 
form the collectors of the pnp and npn transistors. The out-diffusion also provides 
an ohmic contact between the silicon and silicide. This process allows thinner SOI 
layers to be used, while improved matching of the transistor characteristics can be 
achieved. 

An example of the use of bonded SSOI for optical devices is a vertical cavity 
long- wave infrared SiGe/Si photodetector, with application in focal plane array 
cameras for long-wavelength thermal imaging [19]. A 16-period p-Sio.86Geo.14/Si 
quantum well resonant cavity was grown epitaxially on an SSOI substrate contain- 
ing a buried 0.3 pm thick CVD WSi x broad-band reflecting mirror (Fig. 6.43). 
This achieved comparable responsivity to standard n-GaAs/AlGaAs quantum-well 
infrared detectors, and has potential for integrated focal plane arrays in the 8-12 
pm band at lower cost. 




SiG* 



Fig. 6.43. Resonant cavity device incorporating a 16 period SiGe/Si quantum- well 
photodetector on a silicon-on-silicide-on-insulator substrate (from [19]) 

A major limitation to the practical realisation of highly integrated mixed-mode 
high frequency (rf/microwave) communication systems is the coupling of noise 
through the substrate [36, 37]. At operating frequencies above 500 MHz, SOI 
loses its advantage over bulk substrates since the buried oxide becomes effectively 
transparent to the signals, resulting in crosstalk which affects the sensitive ana- 
logue circuitry. One promising approach to eliminate this is to incorporate a tung- 
sten silicide layer between the buried oxide and the handle wafer. 

This acts as a high-conductivity ground plane, to pin the potential of the handle, 
eliminating lateral potential variations, and suppressing crosstalk capacitance by 
terminating the electric field lines. Ground plane SOI (GPSOI) structures, consist- 
ing of a 0.2 pm thick WSi x layer under a 1 pm thick CVD buried oxide, exhibited 
an improvement in crosstalk isolation of over 30 dB compared to controls fabri- 
cated on standard SOI without a ground plane (Fig. 6.44). In addition, the struc- 
tures showed a 20 dB improvement over the best previously reported SOI struc- 
tures with high-resistivity handles and diffused guard rings in the active layer, 
over a frequency range of 500 MHz to 50 GHz [48, 124]. Combining the WSi x 
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ground planes with vertical metal-filled trenches, to form a complete Faraday cage 
(Fig. 6.45) gave a further 20 dB improvement in crosstalk suppression [125]. 



SOI (15 oJHn-tm) (Lhta w m k) 




Fig. 6.44. Comparison of crosstalk measurements between high-frequency test structures 
fabricated on tungsten silicide ground-plane SOI and standard SOI (from [37]) 
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Fig. 6.45. High-frequency tungsten silicide ground-plane SOI structure with Faraday cage 
(from [125]) 

These structures were fabricated by depositing an undoped LPCVD polyS i 
layer onto a 0.2 pm WSi x film on an n-type 9-15 £2cm handle having a diffused n + 
surface layer, polishing the polySi, and bonding to an oxidised 0.5 flcm n-type 
device wafer. The device wafer was then thinned to 1.5 pm, etched with 2 pm 
wide trenches etched, lined with WSi x , and refilled with n + polySi. It is also possi- 
ble to pattern the ground plane with narrow isolating trenches before bonding [36, 
37]. This can be used to minimise the induced currents in the ground plane below 
inductors, to improve the performance of integrated high-frequency circuits. 
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6.5 Silicon-on-Silicon Bonding 



6.5.1 Introduction 

Direct silicon-on-silicon (Si-Si) bonding has its main application in the manufac- 
ture of high-power devices, such as p-i-n diodes, thyristors and IGBTs [82, 83, 
92]. These use layers of single-crystal silicon with different electrical characteris- 
tics in direct contact, typically a lightly-doped silicon layer on a heavily-doped 
silicon substrate. The technique is also being investigated for photodetectors, new 
kinds of micro machined device [54] and semi-insulating structures [63]. Tradi- 
tionally epitaxy has been used to make silicon layers of differing resistivity; how- 
ever, single-crystal silicon has fewer defects, while thick epitaxial silicon can be 
expensive, has a limited range of resistivities, and the crystal orientation is fixed 
by the substrate wafer. Si-Si bonding allows layers of different resistivity, dopant 
type and crystal orientation to be produced in a single substrate, with abrupt junc- 
tions, increasing the versatility and reliability of the product. In addition, since the 
thickness uniformity of epitaxial films is ±5%, bonded layers thinned by conven- 
tional grinding and CMP methods (±0.3 pm TTV) offer better thickness control 
for layers above about 10 pm. For example, Table 6.8 summarises the advantages 
offered by bonding over epitaxy for the fabrication of IGBTs [20]. The possibility 
also exists for the inclusion of a thin, highly concentrated, buried implanted layer 
of a variety of dopants at the bonding interface, which is difficult using epitaxy. 

The electrical properties of the silicon-silicon interface are critical with regard 
to the performance of structures such as nn isotype junctions and pn rectifying 
junctions in IGBTs [27, 56, 69, 83, 99, 127]. The properties have been shown to 
be influenced by interfacial defects, charges, interfacial oxide, oxide precipitates 
and contaminants, which are in turn influenced by the pre-join clean, joining at- 
mosphere, post-join annealing conditions and silicon material properties. Depend- 
ing on the pre-bond clean or other surface treatment, various impurities may be in- 
corporated at the interface which can diffuse out into the active layers during the 
bond anneal or subsequent processing, and influence the electrical characteristics. 
In particular, at bond-annealing temperatures in the region of 800-900°C, boron 
contaminant trapped at the bonding interface becomes activated, and can form an 
inversion layer at the interface in lightly-doped n-type material [59, 69]. At higher 
temperatures, the boron diffuses away, but other contaminants can then become 
activated [99]. In addition, stress- or impurity-related crystal defects such as screw 
dislocations or slip dislocations may occur at or near the bonding interface, result- 
ing, for example, from the thermal break-up of a thin native oxide during high- 
temperature annealing. These can act as recombination centres [127, 59]. At bond- 
annealing temperatures between 300°C and 800°C, outgassing at the bonding in- 
terface results in the occurrence of severe interfacial voiding [46, 128]. The pres- 
ence of particle-originated voids or microvoids may also lower the quality of the 
interface, depending on surface roughness, particle cleaning efficiency and resid- 
ual impurities. This is particularly important from a manufacturing viewpoint. 
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Table 6.8. Comparison of relative merits of epitaxial (epi) and silicon direct bonded (Si-Si) 
IGBTs (from [20]) 



Parameters 


Epi wafer 


Si-Si wafer 




Thickness uniformity 


Bad (± 5 %) 


Good (±0.3 pm) 




Resistivity distribution 


Non-uniform 


Uniform 




Electron radiation 


Required 


Not required 




Cost 


Expensive 


Cheap* 




Defects 

Electrical characteristics 


Mound, stacking fault 


Bulk- like quality 




Vce^at 


High 


Low 




Fall time 


Slow 


Fast 




Eofr 


High 


Low 





a For>l00 pm thick device layer and >90% bonding yield 



The interfacial oxide plays an important part in the device characteristics, hav- 
ing a high density of electron states [27, 127], and acting as a barrier to electron 
and dopant movement across the bonded interface. For example, the base current 
of polySi emitter bipolar transistors is reduced by the presence of oxide at the 
polySi interface, which creates a barrier to electron flow and gives additional ca- 
pacitance. However, the presence of oxide also increases the gain, and annealing 
is required to optimise the level of contiguous oxide present. For IGBTs, the inter- 
facial oxide acts as a barrier to electron flow, and must therefore be minimised. 



6.5.2 Bonding Technology 

Bonding under ultrahigh vacuum (UHV) after removing contaminants and other 
species from the wafer surface has been demonstrated to give a high-quality join, 
with the direct formation of covalent Si-Si bonding across the interface at room 
temperature [47, 53, 56, 77, 110, 116, 120]. This results in bonding strengths close 
to bulk silicon. However, the process is impractical and expensive from a manu- 
facturing point of view, so that more conventional, cost-effective semiconductor 
processing methods must be utilised for a viable production process. Two types of 
pre-join clean have generally been used to prepare Si-Si wafers, resulting in either 
a hydrophilic or a hydrophobic wafer surface. The hydrophilic clean is normally a 
modified RCA clean with a final SC-1 or SC-2 clean and deionised water rinse, 
followed by a bond anneal at above 1000°C. This leaves a native oxide on the wa- 
fer surface of about 2 nm thickness, which subsequently forms a 4 nm thick inter- 
facial oxide layer at the bonding interface. These types of clean are very efficient 
for eliminating particles, giving good void yields in a manufacturing environment 
[10], but can lead to contamination and defect generation problems when the wa- 
fers are subjected to high-temperature annealing, particularly above 1150°C. The 
SC-1 last clean has been found to result in metallic contamination at the bonded 
interface, identified by SIMS analysis [99]. This manifests itself by the appearance 
of a p-type region close to the interface when the wafers are annealed at 1 150°C, 
as shown by spreading resistance profile (SRP) measurements (Fig. 6.46a). Nota- 
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bly, the interface appeared much better electrically with a lower temperature bond 
anneal of 1050°C. Defect analysis by photoluminescence and TEM showed the 
presence of threading dislocations near the bonding interface which were deco- 
rated with copper impurities [100]. In addition, annealing at high temperature re- 
sulted in the thinning and break up of the interfacial oxide layer into islands, 
which produced screw dislocations in the silicon at the interface. These form be- 
cause of stress due to the mismatch of the crystal lattices of the wafer surfaces (see 
below). The SC-2 clean also leaves a thick interfacial oxide at the bonding inter- 
face, but removes most of the metallic contamination seen with the SC-1 clean, so 
that no threading dislocations were observed after high-temperature annealing. 
This clean also gives a large improvement in electrical profile across the interface. 
However, some small degree of interfacial contamination is still present, indicated 
by a dip in the carrier concentration in the region close to the bonded interface 
(Fig. 6.46b). To obtain very high purity at the bonding interface it is necessary to 
use a hydrofluoric acid (HF)-last clean to give a hydrophobic surface, terminated 
by fluorine and hydrogen [13, 78, 99]. 




Depth (pm) Depth (pm) Depth (pm) 



Fig. 6.46. Spreading resistance profiles for Si-Si samples prepared using different pre-join 
cleans and bond-annealed at 1150°C: (a) SC-1; (b) SC-1 followed by SC-2; and (c) SC-1 
followed by HF dip 

This removes metallic impurities as well as the native oxide and produces a high- 
quality electrical interface, even after high-temperature processing, as shown in 
Fig. 6.46c. Reznicek et al. [116] reported high current densities of 70 A/cm 2 at 3 V 
across bonded n + n + junctions fabricated by cleaning in SC-1 and SC-2, followed 
by a dip in 2% HF to remove the native oxide, joining in a class 1 environment, 
and bond-annealing at 1000°C for 2 h. The barrier height across the junction, due 
to interface states, was measured to be about 190 meV and 270 meV for pp and nn 
structures, respectively. For pp junctions prepared using a dilute HF dip and water 
rinse, followed by a 50 min, 1200°C bond anneal, the interfacial state density was 
of the order of 10 10 /cm 2 [71]. However, two problems are inherent in this method. 
Firstly, the absence of an oxide can lead to high stress levels at the interface due to 
the mismatch between the crystal lattices, which will inevitably occur when the 
wafers are joined. This stress is subsequently relieved by the creation of disloca- 
tions in the silicon at the interface [12, 70, 71, 1 12]. 
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Fig. 6.47. (a) Cross-sectional TEM image of a Si-Si hydrophobically bonded interface; (b) 
reverse-bias current-voltage characteristics of a pn structure prepared by Si-Si hydrophobic 
bonding and a bulk control device (from [84]) 

The density of dislocation-related interfacial states increases with increasing 
degree of misorientation, and can result in deterioration of the electrical interface, 
as seen in SRP measurements [70, 71]. Interestingly, it has been reported that 
combining two wafers with different crystal orientation, such as (100) on (111) 
gave a much lower stress at the interface, with no generation of screw dislocations 
[82]. Flere, it appears that the higher density of silicon atoms at the surface of the 
(111) crystal could accommodate the mismatch of the wafers. Secondly, particle 
control is much more of a problem with a hydrophobic clean, which makes its im- 
plementation in manufacturing more difficult than for hydrophilic cleaning meth- 
ods. To overcome this, a dilute HF solution is normally used, often followed by a 
deionised water rinse [20, 70, 79, 106, 129], which leaves the surface with a high 
coverage of OH groups. This results in the formation of a thin layer of oxide, a 
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few monolayers thick at the bonding interface, depending also on the delay be- 
tween cleaning and joining in an air atmosphere. The oxide breaks up at high tem- 
perature and can be dissolved into FZ silicon wafers at temperatures of 1 1 50— 
1200°C, to leave a clean, oxide-free interface with excellent electrical properties 
(see Fig. 6.47) [83, 84]. A high-yielding manufacturing process for silicon-on- 
silicon substrates based on hydrophobic fusion bonding (Di-Bond™) has recently 
been reported [80]. 
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Fig. 6.48. Spreading resistance profiles for Si-Si samples with an SC-1 pre-join clean and 
buried phosphorous implant of (a) 5 X 10 15 atoms/cm 2 and (b) 1 x 10 15 atoms/cm 2 (from [99]) 




Fig. 6.49. Scanning acoustic micrographs of Si-Si samples having annealed As-implanted 
device wafers, using an HF-last clean: (a) 5 x 1 0 13 atoms/cm 2 implant, (b) 2.5 xlO 15 at- 
oms/cm 2 implant, and (c) 2.5><10 15 atoms/cm 2 implant with modified clean (from [99]) 

The inclusion of a buried doped layer can have a beneficial effect with hydro- 
philic cleans, in that it can act as an internal getter to remove the effect of the p- 
type contamination. This is shown in Fig. 6.48, where a 1><10 15 atoms/cm 2 phos- 
phorous implant reduces the p-type contamination layer of an SC-1 cleaned sam- 
ple, while a 5xl0 15 atoms/cm 2 dose completely removes this [99]. However, the 
introduction of an implant also results in a deterioration of the bonding quality, the 
effect increasing with increasing implant dose, and being more severe for hydro- 
phobic cleans. This was attributed to roughening of the silicon surface, where the 
native oxide present after the bond anneal was thought to act as a buffer to reduce 
the implant-induced surface effects. It was found that a surface anneal and opti- 
mised cleaning conditions were necessary to eliminate voids at the bonding inter- 
face, as illustrated by the SAM images of Fig. 6.49. 
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Recently, much attention has been paid to techniques which enable the joining 
of wafers at room temperature with high bonding strengths. This has potential in 
applications where high-temperature annealing steps are unacceptable, such as 
when metal layers are already present on the wafers, when dissimilar materials 
having different thermal expansion coefficients are being joined, when very sharp 
doping profiles are required, or to avoid activation of contaminants and generation 
of misorientation-induced defects. The room-temperature bonding is achieved by 
subjecting the surfaces of the wafers to an activation treatment which produces a 
highly reactive surface. This results in a large bonding energy at low temperature, 
approaching that normally obtained after a high-temperature bond anneal. Two 
methods have generally been employed: firstly, activation treatment with a 
plasma, typically oxygen, argon, SF 6 /oxygen, BC1 3 /C1 2 or nitrogen [3, 29, 30, 114, 
115, 117, 127, 135, 136]; and secondly, treatment with ultraviolet (uv)-ozone [28]. 
After treatment, there is a slow deterioration of the level of activation with time, 
although there appears to be enough retention to allow the wafers to be quickly 
cleaned conventionally before joining. It was reported that the bond energy of hy- 
drophobic wafers treated with an oxygen plasma for 30 s and joined after a deion- 
ised water rinse (1.6 J/m 2 ) corresponds to that which is obtained by a conventional 
SC-1 clean and anneal at 600-800°C [3]. The enhancement is thought to be due to 
an increased formation of covalent siloxane bonds (Si-O-Si) at the bonding inter- 
face through dissociation of silanol groups. This might be due to the formation of 
plasma-induced surface charge [30], or increased dynamics in water removal from 
the bonding interface, allowing covalent bonds to be formed [3]. The oxygen 
plasma also leads to the formation of a thin, disordered interfacial oxide layer, 
rendering the surface hydrophilic, and resulting in an energy barrier of about 0.2 
eV at the interface, as shown by SRP and C-V measurements. This was reported to 
be lower than structures bonded by normal hydrophilic methods, but higher than 
for a hydrophobic join. One drawback of the method is the potential encapsulation 
of impurities at the bonding interface, particularly the presence of aluminum, cal- 
cium, carbon and fluorine originating from the plasma processing [3]. A second is 
the rapid formation of persistent interfacial voids when the bonded wafers are an- 
nealed at above about 300°C, if a hydrophobic clean is included before or after 
plasma treatment [25,117]. Unlike conventional hydrophobic wafer bonding, 
where thermally-generated voids are annealed out at around 900°C [13, 106], 
these do not disappear even at high temperatures of up to 1200°C [117]. The voids 
were also found to form more slowly over a period of days at room temperature. 
Although the mechanism is not entirely clear, evidence indicates that it can be at- 
tributed to outgassing of excess water vapour trapped at the bonding interface or 
in pores at the treated wafer surface, and may also be related to the presence of 
hydrocarbons [117, 127]. On the other hand, it was reported that using a sulphuric 
acid/hydrogen peroxide clean and an HF dip following oxygen plasma activation, 
to leave a hydrophobic surface, allowed annealing at 600°C without the formation 
of macro voids, which gave sufficient bonding strength to permit sawing [25]. No 
nonlinearities were observed in the J-V characteristics of nn and pp unipolar junc- 
tions, indicating a bond interface free of activated acceptors. A similar method 
was used to fabricate pn diodes, which showed low leakage current (40 nA/cm 2 ) 
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and near-ideal electrical conduction across the bonded interface for bond anneal 
temperatures of 400-700°C [69]. Activation of the silicon surface with a BC1 3 /C1 2 
plasma was also reported to give spontaneous bonding at room temperature, with 
measured surface energies of over 1 J/m 2 and no void generation for bond- 
annealing at 400°C [114]. Here, no voiding occurred at anneal temperatures of up 
to 1 100°C. Treatment by an SF 6 /0 2 plasma followed by a water rinse was reported 
to allow spontaneous hydrophobic bonding which gave surface energies similar to 
hydrophilic bonding for annealing at temperatures below 400°C, without the pres- 
ence of an interfacial oxide layer [54, 113, 115]. In this case, voiding occurred at 
bond-annealing temperatures of 200-800°C, and high-temperature annealing was 
required to obtain a void-free interface [113]. In the later work, IR imaging 
showed no voiding of bonded wafers, although here the bond-anneal temperature 
was not given [115]. 

The uv-ozone method [28] involves first cleaning the wafers in a uv/ozone 
chamber at 150°C for 20 min, then ultrasonic cleaning in SC-1, water rinse, a di- 
lute (10%) HF dip, and spin dry, before joining. The wafers are subsequently an- 
nealed at 400°C in N 2 for up to 16 h. However, this process also results in voiding, 
which reduces device performance and reliability. Several methods were investi- 
gated in an attempt to eliminate the voiding, including vacuum and elevated tem- 
perature bonding, pre-bond annealing, and forming grooves or pits in the surface 
of one of the wafers before bonding. Of these, the etching of grooves was the most 
successful in eliminating voids and maintaining a high bonding strength. 



6.5.3 Electronic Applications 

Si— Si bonding allows the fabrication of very abrupt pn junctions, which are diffi- 
cult to obtain using other techniques. This is useful, for example, for variable ca- 
pacitance diodes, bipolar transistors and tunnel diodes [127, 144]. Structures with 
abrupt junctions were fabricated by bonding 3-5 £2 cm (100) CZ p- and n-type wa- 
fers, of which the p-type wafer was implanted before bonding with a 1><10 14 at- 
oms/cm 2 boron dose, followed by a 30 min anneal at 900°C, then implanted with 
2*10 13 atoms/cm 2 arsenic, followed by a further anneal at 900°C for 30 min. The 
purpose of the latter was to shift the pn junction away from the bonded interface. 
The n-type wafer was implanted with 5><10 13 atoms/cm 2 arsenic, annealed at 
1000°C for 30 min, and joined after a dip in 49% HF and 30 min immersion in wa- 
ter. This was followed by bond annealing at a low temperature of 600 °C for 30 
min, to minimise dopant diffusion across the junction. In order to prevent void 
formation at the bonding interface during this low-temperature anneal, trenches 
(80 pm wide by 5 pm deep) were etched into the surface of the p-type wafer be- 
fore joining. The resultant pn junction showed only a 42 nm separation between 
the p + and n + peaks, compared to 120 nm for a conventional ion implantation and 
diffusion process. 

P-i-n diodes for power devices were prepared by bonding a (111) 54-66 £2 cm 
phosphorous-doped wafer to a (111) <0.05 f2cm phosphorous-doped wafer, after 
cleaning in H 2 0 2 /H 2 S0 4 , dipping in 1% HF, and rinsing in deionised water [137]. 
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To evaluate the bonding interface, pn junctions were also prepared using a 1-5 
f2cm phosphorous-doped wafer on a 1-2 £2 cm boron-doped wafer. After joining, 
the wafers were heated at 200°C under 0.1 N/mm 2 pressure in the bonding cham- 
ber, and finally bond-annealed at 1050-1 180°C. The first anneal resulted in better 
across-wafer uniformity of the electrical characteristics and less voiding. The 
bonding yield was over 80% per wafer pair, with less than 1 x 10 10 atoms/cm 2 inter- 
facial contamination, while an SiO L48 surface layer was present before joining. As 
a result of this, the samples annealed at 1050°C for 1 h showed over 30 times 
higher series resistance than for a 2 h anneal at 1 180°C, where the interfacial oxide 
had broken up. The J-V results on the pn junctions showed little recombination at 
the bonding interface, while the n-factor decreased with increasing anneal time, 
and was 1.07 for a 600 h anneal at 1180°C. In the J-V characteristics of the p-i-n 
diodes, the bonded wafers showed a similar forward characteristic to epitaxial di- 
odes, but had four times lower reverse current due to a lower defect density. 
Breakdown voltages of 1400 V and forward current density of 2.5 A/mm 2 (area = 
13.5 mm 2 ) were observed, while the lifetime was higher than for epitaxial mate- 
rial. 

More recently, Reiche and coworkers [54, 115] have carried out a comparison 
of CMOS-fabricated deep-trench isolated low-capacity, high-speed p-i-n photodi- 
odes, prepared using either standard 500 Qcm epitaxial substrates, or by hydro- 
phobic bonding of 2000-6000 Gem n-type FZ (100) wafers to 10-20 Gem n-type 
CZ (100) wafers. The wafers were rendered hydrophobic using a pretreatment 
with an SF 6 /1 8.9% 0 2 plasma for 40 s. The bonded diodes showed similar or 
lower dark currents, and had a much better unifomity across the wafer, compared 
to the epitaxial samples. The latter showed increased dark currents near the wafer 
edge due to dopant inhomogeneities caused by the epitaxial deposition process 
(Fig. 6.50). In addition, the bonded wafers had reduced crosstalk, and showed 
30% faster response. The results showed that the bonding interface did not act as a 
carrier generation source and contained no electrically active impurities. IGBTs 
prepared by direct wafer bonding are expected to be superior to conventional 
punchthrough (PT) IGBTs for voltage ratings of 1000-2000 V, since it is much 
easier to control the thickness and obtain a uniform dopant profile in the n~ drift 
layer at the required thicknesses of over 100 pm [66]. In addition, an improved 
trade-off between the ac and dc characteristics can be achieved by the use of a 
heavily-doped thin buffer layer, which is difficult in PT IGBTs due to the thermal 
cycle during the n~ epitaxial growth. The bonded IGBT also requires less electron 
beam irradiation, so that it has better stability at high temperature and has a posi- 
tive temperature coefficients which facilitates parallel operation. A commercial 
1200 V, 5-25 A IGBT with improved device characteristics, such as switching 
speed, compared to conventional PT and non-punchthrough IGBTs, was prepared 
using hydrophobically bonded wafers (Fig. 6.51) [20, 66, 149]. 
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Fig. 6.50. Radial dependence of the dark current of p-i-n diodes prepared on a plasma- 
activated hydrophobic Si-Si bonded wafer and an epitaxial wafer (from [115]) 
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Fig. 6.51. Cross-section of a vertical IGBT structure fabricated using hydrophobic Si-Si 
bonding (from [20]) 

Here, an FZ n~ wafer and a p + wafer were implanted with phosphorous and bo- 
ron, respectively, and annealed at 1 150°C for 2 h to diffuse the implanted dopants. 
The n + implant provided the thin buffer layer of the IGBT, while the p ++ implant 
was used to enhance the emitter collection efficiency and to compensate for the 
distribution in doping concentration of the starting material. The wafers were then 
bonded under 1 mTorr vacuum after cleaning in dilute HF (0.05%), followed by 
an 1 150°C anneal for 30-120 min, and the drift was then layer thinned to 105 pm 
by CMP. It was found that the trade-off between V C e,sat and the turn-off energy 
(E off ) improved with increasing n + and p ++ implantation doses, but at a cost of in- 
creased range of characteristics at the highest doses used. The IGBTs had a break- 
down voltage of 1300 V with a standard deviation of 15 V, V C e,sat of 2.5 V, E off 
of 30 pJ/A, short-circuit withstanding capability of over 50 ps, a positive tempera- 
ture coefficient under 70% of rated current, and a gate failure rate of less than 
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10%. Typical T off values were less than 100 ns. The improved characteristics were 
attributed to the high-quality crystalline silicon and heavily doped thin buffer 
layer. In npn power devices prepared by hydrophilic bonding using a 1200°C bond 
anneal, the lowering of carrier lifetimes by recombination centres in the bonded 
interface was utilised advantageously for switching control [105]. In this case, the 
bonded interface was positioned inside the emitter region, so that the carrier injec- 
tion could be controlled by adjusting the distance between the interface and the 
emitter/base junction. 




Fig. 6.52. Double-sided IGBT structure fabricated using low-temperature uv-ozone- 
activated Si-Si bonding. The broken line shows the bonded interface (from [57]) 

The uv-ozone method has been used in the fabrication of single-sided IGBTs 
and double-sided double-gate IGBTs (DIGBTs), where the electronic circuitry 
was prepared before bonding, and the wafers were then joined at room tempera- 
ture after activation [57]. This has the advantage of eliminating the need for front- 
and back-side lithographic processing. The main advantage of the DIGBT struc- 
ture (Fig. 6.52) is that hole injection from the anode (Emitter 2) is actively con- 
trolled during switching by shorting the anode to the n” drift region through the 
inversion channel of the second gate (Gate 2). For double-sided structures, full 
IGBT processing, including metallisation, was first carried out on two n~ (5 x 1 0 13 
P atoms/cm 3 ) FZ wafers, to produce identical structures, and the top surfaces 
coated with protective nitride layers. The back surfaces were thinned and polished, 
and the wafers cleaned by uv-ozone, followed by an SC-1 clean and a spin/spray 
with dilute HF. Bonding was carried out using an aligned joining technique and a 
5 h bond anneal at 400°C. A low density of macrovoids was reported, which did 
not change with annealing. The static and dynamic electrical characteristics of the 
single-sided IGBTs showed no detrimental effect of the bonded interface (see Fig. 
6.53). The forward and reverse blocking voltages exceeded 1400 V, while the 
Vce,sat was 2.5 V at 11 A (75 A/cm 2 ). In the case of the DIGBTs, the second 
MOS gate was found to give a decrease in turn-off time and switching energy, re- 
sulting in a 50% decrease in switching loss. In further work, bi-directional 
DIGBTs were produced by direct bonding of wafers containing prefabricated 3 
kV, 50 A IGBT parts with 1 cm 2 active area and DMOS gate structures [58]. In 
this work, a 150°C anneal was used after the initial contact, before annealing at 
400°C. The transistors had a 40% reduction in V CE SAT compared to an equivalently 
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rated single-sided IGBT, while the second gate gave significant improvements in 
trade-off between turn-off dissipation and forward drop. Wafer bonding was used 
to fabricate a thyristor-based-high power device which showed an improvement in 
power handling capability of up to a factor of 2.5 over standard diffusion emitters 
[138]. This was made by hydrophilieally bonding a 50 (1cm n~ wafer to a heavily 
doped p + wafer, and bond-annealing at 1200°C for 24 h, to move the pn junction 
into the n“ base, away from the bonded interface. 




Fig. 6.53. Reverse blocking characteristics for a single-sided IGBT fabricated using low- 
temperature uv-ozone activated Si-Si bonding, measured across the bonded interface (from 
[57]) 
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Fig. 6.54. Schematic diagram of cathode and anode wafers prior to wafer bonding to fabri- 
cate a thyristor (from [59]) 

More recently, Hobart et al. [59] reported the fabrication of a large-area (>75 
cm 2 ) 6 kV thyristor with breakdown voltages up to 7000 V. This was prepared by 
hydrophobic bonding of two FZ n~ wafers using an SC-1 clean and 5% HF dip, 
followed by a high-temperature bond anneal. The wafers had been processed be- 
fore join by either a 150 pm deep p-base diffusion and an n + -emitter diffusion 
(cathode wafer) or a p + -diffusion (anode wafer) (Fig. 6.54). Excellent electrical 
characteristics were obtained, with lower switching loss and minimal penalty on 
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the forward voltage drop, compared to control devices. This was thought to be due 
to the location of the bonding interface in the lightly doped region resulting in ad- 
vantageous recombination. 




Oxide 



Poly-Si Qstde 



Fig. 6.55. Partial SOI stmcture fabricated by combined Si-Si and Si-Si0 2 wafer bonding 
for smart power applications (from [127]) 
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Fig. 6.56. (a) Process flow for preparing a trench-isolated partial SOI substrate, used to fab- 
ricate (b) a smart power integrated circuit containing VDMOS and CMOS devices (from 
[34]) 
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Combined Si-Si and Si-Si0 2 wafer bonding has potential for facilitating the 
fabrication of smart power ICs in which high-voltage and high-power devices are 
integrated with CMOS CPU, logic and analogue circuits in the same chip [5, 60, 
68]. This is employed for the integration of bottom-drain VDMOS power devices, 
in particular for high-current switching applications, where the VDMOS transis- 
tors are formed in the Si-Si directly bonded areas, using an n + type wafer as the 
handle, while the CMOS control circuits are fabricated above the BOX. Here, the 
drain terminal of the VDMOS is incorporated into the silicon substrate, which 
serves as the high-current electrode with low thermal resistance. As mentioned in 
Sect. 6.2.3, this kind of structure also has the advantage of improved heat dissipa- 
tion characteristics. Fabricating the partial SOI bonded substrates, however, is not 
easy due to the difficulty in achieving a planar surface across adjacent silicon and 
Si0 2 regions, so that various approaches have been made. An example is shown in 
Fig. 6.55, where an n _ silicon wafer containing a patterned, polished oxide layer 
recessed into its surface was bonded (1100°C anneal in nitrogen) to an n7n + sili- 
con wafer, to give a final structure containing an n7n~ interface and a patterned n - 
/Si0 2 /n + /n~ SOI structure [127]. This was used to prepare 600 V, 5 A pulse- width 
modulation switching regulator ICs containing an output n-DMOSFET with an 
on-resistance of 0.6 Q and switching frequency of 650 kHz. An alternative 
method [34] was described in which a device wafer containing RIE-etched re- 
cesses and trenches was bonded hydrophobically (concentrated HF dip and deion- 
ised water rinse) to a handle wafer, using a 1 h bond anneal in nitrogen at 1 100°C 
(Fig. 6.56a). Then, the wafer was annealed in oxygen to both fill the recesses and 
line the trenches with oxide, and the device wafer ground and polished down to 
the trenches. Refill of the trenches was completed with polySi, to give a TI sub- 
strate for fabrication of power ICs containing VDMOS transistors and CMOS cir- 
cuitry (Fig. 6.56b). Other methods for fabricating this type of structure include the 
'polycrystalline silicon sandwiched wafer bonding' technique and the 'partially 
bonded' structure [68]. 

Silicon direct wafer bonding also offers the possibility of incorporating a con- 
ductive layer, such as a metal silicide, buried in high quality silicon, which is in- 
teresting for new device concepts in microelectronics and MEMS. Ljundberg et al. 
[78] achieved this type of structure by bonding a silicon wafer having an evapo- 
rated layer of cobalt to a Co-coated or bare silicon wafer, so that the total Co 
thickness was 20 nm. Subsequent bond annealing at 700-800 °C for 30 min under 
an applied load (100 g quartz plate) gave bonding across almost the entire wafer, 
and converted the cobalt into a 70 nm thick layer of CoSi 2 by solid-state reaction. 
The highest bonding strengths (>25 MPa tensile strength) were obtained with a 
Co-Si bond and 800°C anneal. The resistivity of the silicide layer was around 20 
pQcm. The J-V characteristics showed the presence of a Schottky barrier of 0.63 
eV height at each of the silicide-Si interfaces for the Co-Co samples. In the Co-Si 
case, the diode corresponding to the bonded interface was no longer rectifying, 
due to a thin Si0 2 layer between the silicide and Si. More recently, silicon- 
silicide— (Ni or Co)-silicide-silicon structures with potential for magneto- 
electronic devices have been reported [122]. These were prepared by depositing a 
thin metal film on a silicon wafer, then bonding hydrophobically to a bare silicon 
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wafer in UHV at room temperature. This resulted in the formation of a 2 nm thick 
silicide layer on each side of the metal by solid-phase reaction. The bonding en- 
ergy was measured to be 2 J/m 2 . 



Acknowledgements 

I would like to thank my colleagues at Analog Devices Belfast, and in particular 
Scott Blackstone, Kevin Yallup, Paul McCann, Xue Cao and Kumar Somasun- 
dram, for their contributions to the work described in this chapter. 



References 

1. Abe T, Sunakawa K, Hagimoto K, Aga K (1995) The behavior of grown-in defects 
during the wafer bonding process. In: Hunt CE, Baumgart H, Iyer SS, Abe T, Gosele U 
(eds) Semiconductor wafer bonding: physics and applications III. Electrochem Soc, 
Pennington, PV 95-7, pp 296-304 

2. Amaratunga GAJ, Udrea F, McMahon RA (1999) Power integrated circuits: devices 
and applications. In: Proc 1999 bipolar circuits and technology meeting. IEEE, pp 75- 
79 

3. Amirfeiz P, Bengtsson S, Bergh M, Zanghellini E, Borjesson L (2000) Formation of 
silicon structures by plasma-activated wafer bonding. J Electrochem Soc 147:2693- 
2698 

4. Armstrong GA, Gamble HS (1999) Simulation of self heating effects in heterojunction 
bipolar transistors fabricated in wafer bonded SOI substrates. In: Hemment PLF (ed) 
Silicon-on-insulator technology and devices IX. Electrochem Soc, Pennington, PV 99- 
3, pp 249-254 

5. Arnold E (1994) Silicon-on-insulator devices for high voltage and power IC applica- 
tions. J Electrochem Soc 141:1983-1988 

6. Ashbum P, El Mubarek HAW, Bonar JM, Redman- White W (2001) SiGe heterojunc- 
tion bipolar transistors on insulator. In: Cristoloveanu S, Hemment PLF, Izumi K, Cel- 
ler GK, Assaderaghi F, Kim Y-W (eds) Silicon-on-insulator technology and devices X. 
Electrochem Soc, Pennington, PV 2001-3, pp 433-444 

7. Aspar B, Auberton-HervDAJ (2002) Smart Cut: the technology used for high volume 
SOI wafer production. In: Iyer SS, Auberton-HervD SS (eds) Silicon wafer bonding 
technology for VLSI and MEMS applications. Institution of Electrical Engineers, Lon- 
don, pp 35-51 

8. Bain MF, Armstrong BM, Gamble HS (2000) The deposition and characterisation of 
CVD tungsten silicide for applications in microelectronics. Vacuum 64:227-232 

9. Baliga BJ (1995) Power ICs in the saddle. IEEE Spectmm July:34-49 

10. Bansal IK, Goodrich JP (2002) A manufacturing process for silicon-on-silicon wafer 
bonding. In: Iyer SS, Auberton-HervDAJ (eds) Silicon wafer bonding technology for 
VLSI and MEMS applications. IEE, London, pp 123-134 

11. Baumgart H, Letavic TJ, De Wolf I, Tsou L, Maes HE, Egloff R (1995) Analysis of 
process-induced stresses in lateral trench isolation stmctures for high voltage devices 




252 A. W. Nevin 



in bonded SOL In: Hunt CE, Baumgart H, Iyer SS, Abe T, Gosele U (eds) Semicon- 
ductor wafer bonding: physics and applications III. Electrochem Soc, Pennington, PV 
95-7, pp 440-454 

12. Benamara M, Rocher A, Laporte A, Sarrabayrouse G, Lescouzeres L, PeyreLavigne A, 
Fnaiech M, Claverie A (1995) Atomic structure of the interfaces between silicon di- 
rectly bonded wafers. In: Ashok S, Chevallier J, Akasaki , Johnson NM, Sopo BL 
(eds) MRS Proc 378:863-868 

13. Bengtsson S, Engstrom O (1990) Low-temperature preparation of silicon/silicon inter- 
faces by the silicon-to-silicon direct bonding method. J Electrochem Soc 137:2297- 
2303 

14. Blackstone S (1995) Mechanical thinning for SOL In: Hunt CE, Baumgart H, Iyer SS, 
Abe T, Gosele U (eds) Semiconductor wafer bonding: physics and applications III. 
Electrochem Soc, Pennington, PV 95-7, pp 56-71 

15. Blackstone S (1997) Silicided buried layers for IC applications. In: Nayar V, Uren M, 
Ward MC (eds) Tech digest of novel SOI materials and applications workshop IEEE. 
New York, NY, USA. pp 24-25 

16. Blackstone S, Brosnihan T (2001) SOI MEMS technologies for optical switching. In: 
Proc int conf on optical MEMS. IEEE/LEOS, 35-36 

17. Brown A, O'Neill G, Blackstone S (2000) Single-crystal micromachining using multi- 
ple fusion bonded layers. In: Micromachining and microfabrication process technology 
VI. Proc SPIE 4174: 406-415 

18. Cao X, Nicholson D, Nevin WA, Knopke J (2001) Control of crystalline defects in 
trench isolated thick film SOI for high voltage smart power ICs. In: Kolbesen BO, 
Claeys C, Stallhofer P, Tardif F (eds) Crystalline defects and contamination: their im- 
pact and control in device manufacturing III. Electrochem Soc, Pennington, PV 2001- 
29, pp 103-111 

19. Carline RT, Hope DA, Nayar V, Robbins DJ, Stanaway MB (1997) A vertical cavity 
longwave infrared SiGe/Si photodetector using a buried silicide mirror. In: IEDM 
Technical Digest. IEEE, pp 891-894 

20. Cha G, Kim Y, Jang H, Kang H, Song C (2001) Silicon direct bonding approach to 
high-voltage power devices (insulated gate bipolar transistors). In: Tong Q-Y, Gosele 
U (eds) Advances in microelectronics device technology. Pore SPIE 4600: 88-95 

21. Cole D, MacNamara C, Somasundram K, Boyle A, Devine C, McKeever J, McCann P, 
Nevin A (2002) Fusion-bonded multilayered SOI for MEMS applications. In: Opto- 
electronics, photonics and imaging. Proc SPIE 4876: 623-632 

22. Colinge J-P (1997) Silicon-on-insulator technology: materials to VLSI, 2nd edn. Klu- 
wer, Boston Dordrecht London 

23. Cowen CS, Craven DR, Goodwin CA, Hsieh C-M, Jones GT, Pandhumsopom T 
(1996) Deep trench isolation in bonded wafer SOI ICs using high-density ICP etcher. 
In: Hemment PLF, Cristoloveanu S, Izumi K, Houston T, Wilson S (eds) Silicon-on- 
insulator technology and devices VII. Electrochem Soc, Pennington, PV 96-3, pp 364- 
373 

24. Davis C, Bajor G, Butler J, Crandell T, Delgado J, Jung T, Khajeh-Noori Y, Lomenick 
B, Milam V, Nicolay H, Richmond S, Rivoli T (1992) UHF-1: A high speed comple- 
mentary bipolar analog process on SOL In: Proc 1992 bipolar circuits and technology 
meeting. IEEE, pp 260-263 

25. Desmond CA, Hobart K, Kub F, Campisi G, Weldon M (1998) Low-temperature at- 
mospheric silicon-silicon wafer bonding for power electronic applications. In: Gosele 




Application of Bonded Wafers to the Fabrication of Electronic Devices 253 



U, Baumgart H, Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, 
technology and applications IV. Electrochem Soc, Pennington, PV 97-36, pp 459^465 

26. Easter WG, Jones GT, Shanaman RH, Goodwin CA (1992) Polysilicon to silicon 
bonding in laminated dielectrically isolated (LDI) wafers. In: Gosele U, Abe T, Ha- 
isma J, Schmidt M (eds) Semiconductor wafer bonding: science, technology and appli- 
cations. Electrochem Soc, Pennington, PV 92-7, pp 223-229 

27. Engstrom O, Bengtsson S, Andersson GI, Andersson MO, Jauhiainen A (1992) Elec- 
trical characterization of bonding interfaces. J Electrochem Soc 139:3638-3644 

28. Esser R, Hobart KD, Kub FJ (2002) Improved low-temperature hydrophobic Si-Si 
bonding techniques. In: Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semiconduc- 
tor wafer bonding: science, technology and applications VI. Electrochem Soc, Pen- 
nington, PV 2001-27, pp 126-135 

29. Farrens S (1998) Low-temperature wafer bonding. In: Gosele U, Baumgart H, Abe T, 
Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, technology and applica- 
tions IV. Electrochem Soc, Pennington, PV 97-36, pp 425-436 

30. Farrens SN, Dekker JR, Smith JK, Roberds BE (1995) Chemical free room tempera- 
ture wafer to wafer direct bonding. J Electrochem Soc 142:3949-3955 

31. Feindt S, Hajjar J-JJ, Lapham J, Buss D (1992) XFCB: a high speed complementary 
bipolar process on bonded SOI. In: Proc 1992 bipolar circuits and technology meeting. 
IEEE, pp 264-267 

32. Feindt S, Lapham J, Steigerwald J (1997) Complementary bipolar processes on bonded 
SOI. In: Proc 1997 Int SOI Conf IEEE, pp 4-6 

33. Feindt S, Lapham J, Steigerwald J, Nakazato Y, Katayama M (1998) Bonded SOI ap- 
plication to high-performance linear devices. In: Gosele U, Baumgart H, Abe T, Hunt 
C, Iyer S (eds) Semiconductor wafer bonding: science, technology and applications IV. 
Electrochem Soc, Pennington, PV 97-36, pp 529-535 

34. Fujino S, Takahashi S, Fukada T, Himi H, Kawamoto K (2002) Device applications 
using bonded thick SOI wafers. In: Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) 
Semiconductor wafer bonding: science, technology and applications VI. Electrochem 
Soc, Pennington, PV 2001-27, pp 214-231 

35. Funaki H, Yamaguchi Y, Kawaguchi Y, Terazaki Y, Mochizuki H, Nakagawa A 
(1995) High voltage BiCDMOS technology on bonded 2 pm SOI integrating vertical 
npn pnp, 60 V-LDMOS and MPU, capable of 200°C operation. In: IEDM Tech Digest 
IEEE, pp 967-970 

36. Gamble HS (2001) Variants on bonded SOI for advanced ICs. In: Cristoloveanu S, 
Hemment PLF, Izumi K, Celler GK, Assaderaghi F, Kim Y-W (eds) Silicon-on- 
insulator technology and devices X. Electrochem Soc, Pennington, PV 2001-3, pp 1- 
12 

37. Gamble HS, Armstrong BM, Baine P, Bain M, McNeill DW (2001) Silicon-on- 
insulator substrates with buried tungsten silicide. Solid-State Electronics 45:551-557. 

38. Ganci PR, Hajjar J-JJ, Clark T, Humphries P, Lapham J, Buss D (1992) Self-heating in 
high-performance bipolar transistors fabricated on SOI substrates. In: IEDM Technical 
Digest. IEEE, pp 417-420 

39. Gamer DM, Udrea F, Ensell G, Sheng K, Popescu AE, Amaratunga GAJ, Milne WI 
(2001) Failure mechanisms of SOI high-voltage LIGBTs and LDMOSes under un- 
damped inductive switching. In: Proc 13th int Sympos on power semiconductor de- 
vices and ICs. IEEE, pp 335-338 




254 A. W. Nevin 



40. Goh WL, Campbell DL, Armstrong BM, Gamble HS (1995) Buried metallic layers 
with silicon direct bonding. In: Hunt CE, Baumgart H, Iyer SS, Abe T, Gosele U (eds) 
Semiconductor wafer bonding: physics and applications III. Electrochem Soc, Pen- 
nington, PV 95-7, pp 553-560 

41. Goh WL, Montgomery JH, Raza SH, Armstrong BM, Gamble HS (1997) Electrical 
characterization of dielectrically isolated silicon substrates containing buried metallic 
layers. IEEE Electron Dev Lett 18:232-234 

42. Goh WL, Raza SH, Montgomery JH, Armstrong BM, Gamble HS (1999) The manu- 
facture and performance of diodes made in dielectrically isolated silicon substrates 
containing buried metallic layers. IEEE Electron Dev Lett 20:212-214 

43. Gonzalez F, Shekhar V, Chan C-K, Choy B, Chen N (1996) Fabrication of a 300 V, 
high current (300 mA/output), smart power IC using gate- controlled SCRs on bonded 
(BSOI) technology. In: IEDM Technical Digest. IEEE, pp 473-476 

44. Goody SB, Osborne PH, Quinn C, Blackstone S (1998) High speed bipolar on bonded 
buried silicide SOI (S 2 OI). In: 28th European Solid State Device Research Conf. IEEE 

45. Gormley C, Yallup K, Nevin WA, Bhardwaj J, Ashraf H, Huggett P, Blackstone S 
(2001) State of the art deep silicon anisotropic etching on SOI bonded substrates for 
dielectric isolation and MEMS applications. In: Hunt CE, Baumgart H, Gosele U, Abe 
T (eds) Semiconductor wafer bonding: science, technology and applications V. Elec- 
trochem Soc, Pennington, PV 99-35, pp 350-361 

46. Gosele U, Tong Q-Y (1998) Semiconductor wafer bonding. Annu Rev Mater Sci 
28:215-241 

47. Gosele U, Stenzel H, Martini T, Steinkirchner J, Conrad D, Scheerschmidt K (1995) 
Self-propagating room-temperature silicon wafer bonding in ultrahigh vacuum. Appl 
Phys Lett 67:3614-3616 

48. Hamel JS, Stefanou S, Bain M, Armstrong BM, Gamble HS (2000) Substrate crosstalk 
suppression capability of silicon-on-insulator substrates with buried ground planes 
(GPSOI). IEEE Microwave and Guided Wave Lett 10:134-135 

49. Harendt C, Beintner J, Schuhbauer A, Apel U, Dudek V, Graf H-G, Hofflinger B, 
Seger U (1998) Photodiodes in bonded SOI films. In: Gosele U, Baumgart H, Abe T, 
Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, technology and applica- 
tions IV. Electrochem Soc, Pennington, PV 97-36, pp 568-575 

50. Harendt C, Schuhbauer A, Apel U, Dudek V, Graf H-G, Hofflinger B, Penteker E 
(1998) Vertical polysilicon interconnects by aligned wafer bonding. In: Gosele U, 
Baumgart H, Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, 
technology and applications IV. Electrochem Soc, Pennington, PV 97-36, pp 501-508 

51. Heinle U, Olsson J (2001) Integration of high voltage devices on thick SOI substrates 
for automotive applications. Solid-State Electronics 45:629-632 

52. Heinle U, Pinardi K, Olsson J (2002) Vertical high-voltage devices on thick SOI with 
back-end trench formation. In: Proc 32nd ESSDERC. Univ Bologna, pp 295-298 

53. Hermansson K, Frey F, Bengtsson S, Sodervall U (1998) Ultra-clean Si/Si interface 
formation by surface preparation and direct bonding in ultra-high vacuum. In: Gosele 
U, Baumgart H, Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, 
technology and applications IV. Electrochem Soc, Pennington, PV 97-36, pp 401^108 

54. Hiller E, Stolze D, Wiedand M, Dragoi V, Reiche M (2002) Wafer bonding for optical 
microsystems. In: Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semiconductor 
wafer bonding: science, technology and applications VI. Electrochem Soc, Pennington, 
PV 2001-27, pp 254-264 




Application of Bonded Wafers to the Fabrication of Electronic Devices 255 



55. Hiramoto T, Tamba N, Yoshida M, Hashimoto T, Fujiwara T, Watanabe K, Odaka M, 
Usami M, Ikeda T (1992) A 27 GHz double polysilicon bipolar technology on bonded 
SOI with embedded 58 pm 2 CMOS memory cells for ECL-CMOS SRAM applica- 
tions. In: IEDM Technical Digest. IEEE, pp 39^12 

56. Hobart KD, Desmond CA, Kub FJ, Twigg ME, Jemigan GG (1998) Si-Si pn junctions 
fabricated by wafer bonding in UHV. In: Gosele U, Baumgart H, Abe T, Hunt C, Iyer 
S (eds) Semiconductor wafer bonding: science, technology and applications IV. Elec- 
trochem Soc, Pennington, PV 97-36, pp 409-416 

57. Hobart KD, Kub FJ, Dolny G, Zafrani M, Neilson JM, Gladish J, McLachlan C (1999) 
Fabrication of a double-side IGBT by very low temperature wafer bonding In: Proc 
1 1 th int Sympos on power semiconductor devices and ICs. IEEE, pp 45^18 

58. Hobart KD, Kub FJ, Ancona M, Neilson JM, Brandmier K, Waind PR (2001) Charac- 
terization of a bi-directional double-side double-gate IGBT fabricated by wafer bond- 
ing. In: Proc 13 th int Sympos on power semiconductor devices and ICs. IEEE, pp 125— 
128 

59. Hobart KD, Kub FJ, Pattanayak D, Piccone D, Patel M, Hits D, Rodrigues R, Ayele G, 
Colinge CA (2001) A 6 kV thyristor fabricated by direct wafer bonding. In: Proc 13 th 
int Sympos on power semiconductor devices and ICs. IEEE, pp 21 1-214 

60. Iida M, Nishizawa T, Mizuno S, Kohno K, Higuchi Y, Toyoshima S (1998) Intelligent 
power ICs on bonded silicon wafers. In: Gosele U, Baumgart H, Abe T, Hunt C, Iyer S 
(eds) Semiconductor wafer bonding: science, technology and applications IV. Electro- 
chem Soc, Pennington, PV 97-36, pp 481-492 

61. Ikeda T, Watanabe K, Yamaguchi H, Nishizawa H, Tamba N, Usami M, Natsuaki N 
(1995) High performance bipolar SOI technology. In: Hunt CE, Baumgart H, Iyer SS, 
Abe T, Gosele U (eds) Semiconductor wafer bonding: physics and applications III. 
Electrochem Soc, Pennington, PV 95-7, pp 390-399 

62. Irissou P, Pilloud V, Yallup K, Brown A, Gaston G, Blackstone S (2001) Complemen- 
tary bipolar fabricated by the bonding of patterned buried layers. In: Hunt CE, 
Baumgart H, Gosele U, Abe T (eds) Semiconductor wafer bonding: science, technol- 
ogy and applications V. Electrochem Soc, Pennington, PV 99-35, pp 438-442 

63. Johansson M, Bengtsson S (2001) Depleted semi-insulating silicon/silicon material 
formed by wafer bonding. In: Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semi- 
conductor wafer bonding: science, technology and applications VI. Electrochem Soc, 
Pennington, PV 2001-27, pp 420-428 

64. Jones EC, Bedell SW (2002) Advanced applications of wafer bonding. In: Iyer SS, 
Auberton-HervDAJ (eds) Silicon wafer bonding technology for VLSI and MEMS ap- 
plications. Institution of Electrical Engineers, London, pp 93-121 

65. Juneau T, Chen T, Brosnihan T, Rajaraman S, Chau K, Judy M (2003) Single-chip 
1x84 MEMS mirror array for optical telecommunications applications. In: Smith JH 
(ed) MOEMS and Miniaturized Systems III. Proc SPIE 4983: 53-64 

66. Kim TH, Yun CM, Kim SS, Jang HW (1999) Characterization of silicon direct bond- 
ing methodology for high performance IGBT. In: Proc 11th int Sympos on power 
semiconductor devices and ICs. IEEE, pp 185-188 

67. Kim JH, Lee SH, Lee KH, Park HJ, Cha G, Kang HS, Song CS (2002) A high per- 
formance complementary bipolar process using PBSOI technique. In: Proc 14th int 
Sympos on power semiconductor devices and ICs. IEEE, pp 85-88 

68. Kobayashi K, Hamajima T, Kikuchi H, Takahashi M, Kitano T (1997) Application of 
partially bonded SOI structure to an intelligent power device having vertical 




256 A. W. Nevin 



DMOSFET. In: Proc 9th int Sympos on power semiconductor devices and ICs. IEEE, 
pp 309-312 

69. Kub FJ, Hobart KD, Desmond CA (1998) Electrical characteristics of low-temperature 
direct silicon-silicon bonding for power device applications. In: Gosele U, Baumgart 
H, Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, technology and 
applications IV. Electrochem Soc, Pennington, PV 97-36, pp 466-472 

70. Laporte A, Sarrabayrouse G, Lescouzeres L, PeyreLavigne A, Benamara M, Rocher A, 
Claverie A (1994) Influence of the mechanical conditions on the electrical and struc- 
tural properties of the interface between bonded silicon wafers. In: Proc 6th int Sym- 
pos on power semiconductor devices and ICs. IEEE, pp 293-296 

7 1 . Laporte A, Benamara M, Sarrabayrouse G, Rocher A, Lescouzeres L, PeyreLavigne A, 
Claverie A (1995) Misorientation induced defects at silicon bonding interfaces: struc- 
tural and electrical investigations. In: Hunt CE, Baumgart H, Iyer SS, Abe T, Gosele U 
(eds) Semiconductor wafer bonding: physics and applications III. Electrochem Soc, 
Pennington, PV 95-7, pp 342-352 

72. Lee MR, Kwon O-K, Lee SS, Lee IH, Yang IS, Paek JH, Hwang LY, Ju JI, Lee BH, 
Lee C (1999) SOI high-voltage integral circuit technology for plasma display panel 
drivers. In: Proc 1 1th int Sympos on power semiconductor devices and ICs. IEEE, pp 
285-288 

73. Letavic T, Arnold E, Simpson M, Aquino R, Bhimnathwala H, Egloff R, Emmerik S, 
Wong S, Mukherjee S (1997) High performance 600 V smart power technology based 
on thin layer silicon-on-insulator. In: Proc 9th int Sympos on power semiconductor 
devices and ICs. IEEE, pp 49-52 

74. Letavic T, Simpson M, Arnold E, Peters E, Aquino R, Curcio J, Herko S, Mukherjee S 
(1999) 600 V power conversion system-on-a-chip based on thin layer silicon-on- 
insulator. In: Proc 1 1th int Sympos on power semiconductor devices and ICs. IEEE, pp 
325-328 

75. Letavic T, Albu B, Dufort J, Petruzzello M, Simpson M, Mukherjee S (2002) Thin 
layer silicon-on-insulator high-voltage PMOS device and application. In: Proc 14th int 
Sympos on power semiconductor devices and ICs. IEEE, pp 73-76 

76. Lizotte S, Cantarini W, Quinn C, Nevin A, Blackstone S, Gamble H (1997) Silicided 
buried layer smart power process. In: Abstract of ECS 192nd meeting. Electrochem 
Soc, Pennington, pp 2470-2471 

77. Ljungberg K, Soderbarg A, Bengtsson S, Jauhiainen A (1994) Characterization of 
spontaneously bonded hydrophobic silicon surfaces. J Electrochem Soc 141:562-566 

78. Ljundberg K, Soderbarg A, Tiensuu A-L, Johansson S, Thungstrom G, Petersson CS 
(1994) Buried cobalt silicide layers in silicon created by wafer bonding. J Electrochem 
Soc 141:2829-2833 

79. Ljungberg K, Backlund Y, Soderbarg A, Bergh M, Andersson MO, Bengtsson S 
(1995) The effects of HF cleaning prior to silicon wafer bonding. J Electrochem Soc 
142:1297-1303 

80. McCann P, Nevin WA (2002) Development and characterization of a silicon-on- 
silicon fusion-bonded production process. In: Bengtsson S (ed) Tech Digest 2nd Work- 
shop on Wafer Bonding 

81. McCann P, Somasundram K, Byrne S, Nevin A (2001) Conformal deposition of 
LPCVD TEOS. In: Karam JM, Yasaitis J (eds) Micromachining and microfabrication 
process technology VII. Proc SPIE 4557: 329-340 




Application of Bonded Wafers to the Fabrication of Electronic Devices 257 



82. McCann P, Byrne S, Nevin WA (2002) An investigation into interfacial oxide in direct 
silicon bonding. In: Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semiconductor 
wafer bonding: science, technology and applications VI. Electrochem Soc, Pennington, 
PV 2001-27, pp 106-113 

83. McCann P, McKeever J, Nicholson D, Ruddell F, Gamble HS, Nevin WA (2002) 
Electrical and structural characterization of silicon on silicon bonded interfaces. In: 
Claeys CL, Watanabe M, Rai-Choudhury P, Stallhofer P (eds) High purity silicon VII. 
Electrochem Soc, Pennington, PV 2002-20, pp 369-376 

84. McCann P, Devine C, Gamble HS, Nevin WA (2003) Characteristics and applications 
of silicon direct bonded interfaces. In: Semiconductor wafer bonding: science, tech- 
nology and applications VII. Electrochem Soc, Pennington, PV 2003 

85. McMullan A J, OMahoney D, Nevin W A, Gregg J M, Paxton A T (2003) Study of 
dislocations and stress in silicon-on-insulator tubs using transmission electron micros- 
copy and finite element modelling. In: Semiconductor wafer bonding: science, tech- 
nology and applications VII. Electrochem Soc, Pennington, PV 2003 

86. McStay K, Smoot F, Hariton D, Egan K, Irvine D, Brown G, Edwards P, Blackstone S, 
Gamble H (1995) A commodity analog process based on bonded wafers. In: Hunt CE, 
Baumgart H, Iyer SS, Abe T, Gosele U (eds) Semiconductor wafer bonding: physics 
and applications III. Electrochem Soc, Pennington, PV 95-7, pp 466-470 

87. Merchant S, Arnold E, Baumgart H, Mukherjee S, Pein H, Pinker R (1991) Realization 
of high breakdown voltages (>700 V) in thin SOI devices. In: Proc 3 rd int Sympos on 
power semiconductor devices and ICs. IEEE, pp 31-35 

88. Merchant S, Efland T, Haynie S, Headen W, Kengo K, Paiva S, Shaw R, Tachikake I, 
Tani T, Tsai C-Y (2002) Robust 80 V LDMOS and 100 V DECMOS in a streamlined 
SOI technology for analog power applications. In: Proc 14th int Sympos on power 
semiconductor devices and ICs. IEEE, pp 185-188 

89. Meynants G, Poortmans J, Mertens R, Jones S, Polce N, Blackstone S (1998) Excess 
carrier lifetime and surface recombination velocity in dielectrically isolated Si tubs. In: 
Gosele U, Baumgart H, Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: 
science, technology and applications IV. Electrochem Soc, Pennington, PV 97-36, pp 
257-263 

90. Mitani K (1998) Silicon wafer bonding: an overview. In: Gosele U, Baumgart H, Abe 
T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, technology and appli- 
cations IV. Electrochem Soc, Pennington, PV 97-36, pp 1-12 

91. Nakagawa A (1996) Recent advances in high voltage SOI technology for motor con- 
trol and automotive applications. In: Proc bipolar/BiCMOS circuits and technology 
meeting. IEEE, pp 69-72 

92. Nakagawa A, Watanabe K, Yamaguchi Y, Ohashi H, Furukawa K (1986) 1800 V bi- 
polar-mode MOSFETs: a first application of silicon wafer direct bonding (SBD) tech- 
nique to a power device. In: IEDM Technical Digest. IEEE, pp 122-125 

93. Nakagawa A, Yamaguchi Y, Matsudai T, Yasuhara N (1993) 200°C high-temperature 
and high-speed operation of 440 V lateral IGBTs on 1.5 pm thick SOI. In: IEDM 
Technical Digest. IEEE, pp 687-690 

94. Nakagawa A, Yamaguchi Y, Yasuhara N, Hirayama K, Funaki H (1996) New high- 
voltage SOI device structure eliminating substrate bias effects. In: IEDM Technical 
Digest. IEEE, pp 477-480 

95. Nakamura T, Nishizawa H (1995) Recent progress in bipolar transistor technology. 
IEEE Trans Electron Devices 42:390-398 




258 



A. W. Nevin 



96. Nakamura T, Shiba T, Ikeda T (1996) Bipolar and BiCMOS on SOL In: Hemment 
PLF, Cristoloveanu S, Izumi K, Houston T, Wilson S (eds) Silicon-on-insulator tech- 
nology and devices VII. Electrochem Soc, Pennington, PV 96-3, pp 414-421 

97. Nayar V, Carline RT, Newey J, Pidduck AJ, Reeves C, Russell J, Williams G, Quinn 
C, Nevin A, Blackstone S (1998) Bonded silicon silicide on insulator (S 2 OI) a study of 
chemical, physical and optical properties for advanced device fabrication. In: Gosele 
U, Baumgart H, Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, 
technology and applications IV. Electrochem Soc, Pennington, PV 97-36, pp 544-551 

98. Nayar V, Russell J, Carline RT, Pidduck AJ, Quinn C, Nevin A, Blackstone S (1998) 
Optical properties of bonded silicon silicide on insulator (S 2 OI): a new substrate for 
electronic and optical devices. Thin Solid Films 313-314:276-280 

99. Nevin WA, Gay DL, O'Neill G (2000) Influence of cleaning on the quality of the 
bonding interface in direct bonded silicon wafers. Solid State Phenomena 76-77:173- 
176 

100. Nevin WA, Gay DL, Blackstone S, Higgs V (2001) Photoluminescence study of inter- 
face defects in bonded silicon wafers. In: Hunt CE, Baumgart H, Gosele U, Abe T 
(eds) Semiconductor wafer bonding: science, technology and applications V. Electro- 
chem Soc, Pennington, PV 99-35, pp 187-194 

101. Nevin WA, Somasundram K, McCann P, Magee S, Paxton AT (2001) Material effects 
on stress-induced defect generation in trenched silicon-on-insulator structures. J Elec- 
trochem Soc 148:G649-G654 

102. Nevin WA, Somasundram K, McCann P, Cao X, Byrne S (2002) Factors affecting 
stress-induced defect generation in trenched SOI for high-voltage applications. In: 
Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semiconductor wafer bonding: sci- 
ence, technology and applications VI. Electrochem Soc, Pennington, PV 2001-27, pp 
232-241 

103. Ng R, Udrea F, Sheng K, Ueno K, Amaratunga GAJ, Nishiura M (2001) Lateral un- 
balanced super junction (USJ)/3D-RESURF for high breakdown voltage on SOL In: 
Proc 13th int Sympos on power semiconductor devices and ICs. IEEE, pp 395-398 

104.Ohashi H, Ohura J, Tsukakoshi T, Simbo M (1986) Improved dielectrically isolated 
device integration by silicon-wafer direct bonding (SDB) technique. In: IEDM Techni- 
cal Digest. IEEE, pp 210-213 

105. Ohashi H, Furukawa K, Atsuta M, Nakagawa A, Imamura K (1987) Study of Si-wafer 
directly bonded interface effect on power device characteristics. In: IEDM Technical 
Digest. IEEE, pp 678-681 

106. Okada C, Kawai Y, Morita E, Saitoh Y (1995) Characterization of the direct bonding 
of silicon wafers after treatment in dilute HF solution. In: Hunt CE, Baumgart H, Iyer 
SS, Abe T, Gosele U (eds) Semiconductor wafer bonding: physics and applications III. 
Electrochem Soc, Pennington, PV 95-7, pp 363-370 

107.Okonogi K, Kikuchi H, Arai K (1995) Oxygen precipitate distribution in bonded SOI 
wafers. In: Hunt CE, Baumgart H, Iyer SS, Abe T, Gosele U (eds) Semiconductor wa- 
fer bonding: physics and applications III. Electrochem Soc, Pennington, PV 95-7, pp 
290-295 

108. Papakonstantinou P, Somasundram K, Cao X, Nevin WA (2001) Crystal surface de- 
fects and oxygen gettering in thermally oxidised bonded SOI wafers. J Electrochem 
Soc 148:G36-G42 

109. Peidous IV, Loiko KV, Balasubramanian N, Schuelke T (2000) Threshold stresses of 
dislocation generation onset in silicon. In: Claeys CL, Rai-Choudhury P, Watanabe M, 




Application of Bonded Wafers to the Fabrication of Electronic Devices 259 



Stallhofer P, Dawson HJ (eds) High purity silicon VI. Electrochem Soc, Pennington, 
PV 2000-17, pp 180-188 

1 10. Plofil A, Scholz R, Schulze H-J, Hopfe S (2001) Bonding of hydrogen-terminated sili- 
con: thermal evolution of the interfacial properties. In: Hunt CE, Baumgart H, Gosele 
U, Abe T (eds) Semiconductor wafer bonding: science, technology and applications V. 
Electrochem Soc, Pennington, PV 99-35, pp 224-231 

111. Polce N, Calley M, Jones S, Blackstone S, Martin P (2001) HVIC process on bonded 
wafers with internal gettering. In: Hunt CE, Baumgart H, Gosele U, Abe T (eds) Semi- 
conductor wafer bonding: science, technology and applications V. Electrochem Soc, 
Pennington, PV 99-35, pp 470^172 

112. Reiche M, Gosele U, Tong Q-Y (1994) Interfacial structure of bonded silicon wafers. 
In: Huff HR, Bergholz W, Sumino K (eds) Semiconductor silicon VII. Electrochem 
Soc, Pennington, PV 94-10, pp 408^119 

113. Reiche M, Gutjahr K, Stolz D, Burczyk D, Petzold M (1998) The effect of a plasma 
pretreatment on the Si/Si bonding behaviour. In: Gosele U, Baumgart H, Abe T, Hunt 
C, Iyer S (eds) Semiconductor wafer bonding: science, technology and applications IV. 
Electrochem Soc, Pennington, PV 97-36, pp 437^144 

1 14. Reiche M, Wiegand M, Dragoi V (2001) Plasma activation for low-temperature wafer 
direct bonding. In: Hunt CE, Baumgart H, Gosele U, Abe T (eds) Semiconductor wafer 
bonding: science, technology and applications V. Electrochem Soc, Pennington, PV 
99-35, pp 292-301 

115. Reiche M, Hiller E, Stolze D (2002) New substrates for MOEMS. In: Proc IEEE Sen- 
sors 2002, vol 1, pp 607-612 

116. Reznicek A, Senz S, Breitenstein O, Scholz R, Gosele U (2002) Electrical and struc- 
tural investigation of bonded silicon interfaces. In: Baumgart H, Hunt CE, Bengtsson 
S, Abe T (eds) Semiconductor wafer bonding: science, technology and applications VI. 
Electrochem Soc, Pennington, PV 2001-27, pp 1 14-125 

1 17. Sanz-Velasco A, Amirfeiz P, Bengtsson S, Colinge C (2002) Wafer bonding using 
oxygen plasma treatment in RIE and ICP RIE. In: Baumgart H, Hunt CE, Bengtsson S, 
Abe T (eds) Semiconductor wafer bonding: science, technology and applications VI. 
Electrochem Soc, Pennington, PV 2001-27, pp 31-40 

118. Sato F, Hashimoto T, Tezuka H, Soda M, Suzaki T, Tatsumi T, Tashiro T (1999) A 
60-GHz f T super self-aligned selectively grown SiGe-base (SSSB) bipolar transistor 
with trench isolation fabricated on SOI substrate and its application to 20-Gb/s optical 
transmitter ICs. IEEE Trans Electron Devices 46: 1332-1338 

119. Saul PH, Goody SB (1996) Bipolar-SOI active filters for UHF radio communications. 
In: Proc bipolar/BiCMOS circuits and technol meeting. IEEE, pp 16 1-1 64 

120. Scheerschmidt K, Conrad D, Belov A, Stenzel H (1998) UHV-silicon wafer bonding at 
room temperature: molecular dynamics and experiments. In: Gosele U, Baumgart H, 
Abe T, Hunt C, Iyer S (eds) Semiconductor wafer bonding: science, technology and 
applications IV. Electrochem Soc, Pennington, PV 97-36, pp 381-392 

121. Schenk H, Durr P, Haase T, Kunze D, Soe U, Lakner H, Kuck H (2000) Large deflec- 
tion micromechanical scanning mirrors for linear scans and pattern generation. IEEE J 
Sel Top Quantum Electron 6:715-722 

122. Senz S, Reznicek A, Akatsu T, Kastner G, Scholz R, Gosele U (2002) UHV-bonding: 
electrical characterization of interfaces and application to magnetoelectronics. In: 
Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semiconductor wafer bonding: sci- 




260 



A. W. Nevin 



ence, technology and applications VI. Electrochem Soc, Pennington, PV 2001-27, pp 
48-61 

123. Sinclair P, Whitney W, Taggart W, Yallup K, Blackstone S (2001) Form C opto-solid 
state relay on bonded wafer with 1600 V isolation. In: Hunt CE, Baumgart H, Gosele 
U, Abe T (eds) Semiconductor wafer bonding: science, technology and applications V. 
Electrochem Soc, Pennington, PV 99-35, pp 402-406 

124. Stefanou S, Hamel JS, Bain M, Baine P, Armstrong BM, Gamble HS, Mauntel R, 
Huang M (2001) Physics and compact modeling of SOI substrates with buried ground 
plane (GPSOI) for substrate noise suppression. In: Microwave symposium digest. 
IEEE, pp 1877-1880 

125. Stefanou S, Hamel JS, Baine P, Bain M, Armstrong BM, Gamble HS, Kraft M, Kem- 
hadjian HA, Osman K (2002) Cross-talk suppression Faraday cage structure in silicon- 
on-insulator. In: Proc IEEE int SOI conf. IEEE, pp 181-182 

126. Sze SM (2002) Semiconductor devices: physics and technology Wiley, New York 

127. Tong Q-Y, Gosele U (1999) Semiconductor wafer bonding: science and technology. 
Wiley, New York 

128. Tong Q-Y, Cha G, Gafiteanu R, Gosele U (1994) Low temperature direct wafer bond- 
ing. J Microelectromech Syst 3:29-34 

129. Tong Q-Y, Schmidt E, Gosele U, Reiche M (1994) Hydrophobic silicon wafer bond- 
ing. Appl Phys Lett 64:625-627 

130. Udrea F, Gamer D, Sheng K, Popescu H, Milne WI (2000) SOI power devices. Elec- 
tronics and Communication Engineering Journal 12:27-^10 

131. Wamock JD (1995) Silicon bipolar device stmctures for digital applications: technol- 
ogy trends and future directions. IEEE Trans Electron Devices 42:377-389 

132. Watabe K, Akiyama H, Terashima T, Nobuto S, Yamawaki M, Hirao T (1996) A 0.8 
pm high-voltage IC using newly designed 600 V lateral IGBT on thick buried-oxide 
SOI. In: Proc 8th int Sympos on power semiconductor devices and ICs. IEEE, pp 151— 
154 

133. Watabe K, Akiyama H, Terashima T, Okada M, Nobuto S, Yamawaki M, Asai T 
(1998) An 0.8-pm high-voltage IC using a newly designed 600-V lateral p-channel 
dual-action device on SOI. IEEE J Solid-State Circuits 33:1423-1427 

134. Watanabe K, Hashimoto T, Yoshida M, Usami M, Sakai Y, Ikeda T (1992) A bonded- 
SOI bipolar process technology. In: Gosele U, Abe T, Haisma J, Schmidt M (eds) 
Semiconductor wafer bonding: science, technology and applications. Electrochem Soc, 
Pennington, PV 92-7, pp 443-45 1 

135. Wiegand M, Reiche M, Gosele U (2000) Time-dependent surface properties and wafer 
bonding of 0 2 _plasma-treated silicon (100) surfaces. J Electrochem Soc 147:2734- 
2740 

136. Wiegand M, Reiche M, Krauter G (2002) Why does a plasma treatment prior to the 
wafer direct bonding increase the bonding energy of silicon wafer pairs in the low- 
temperature range? In: Baumgart H, Hunt CE, Bengtsson S, Abe T (eds) Semiconduc- 
tor wafer bonding: science, technology and applications VI. Electrochem Soc, Pen- 
nington, PV 2001-27, pp 62-73 

137. Wiget R, Burte EP, Gyulai J, Ryssel H (1993) Silicon-to-silicon direct bonding - char- 
acterization of the interface and manufacture of p-i-n diodes. Proc 5th European conf 
on power electronics and applications. Eur Power Electron Assoc, pp 63-68 

138. Wilson R, Gamble HS, Mitchell SJN (1992) Improvement of silicon power device 
characteristics using bonding technology. In: Gosele U, Abe T, Haisma J, Schmidt M 




Application of Bonded Wafers to the Fabrication of Electronic Devices 261 



(eds) Semiconductor wafer bonding: science, technology and applications. Electro- 
chem Soc, Pennington, PV 92-7, pp 433^142 

139. Wilson R, Quinn C, McDonnell B, Blackstone S, Yallup K (1995) Bonded and 
trenched SOI with buried silicide layers. In: Hunt CE, Baumgart H, Iyer SS, Abe T, 
Gosele U (eds) Semiconductor wafer bonding: physics and applications III. Electro- 
chem Soc, Pennington, PV 95-7, pp 535-545 

140. Wolf S (2002) Silicon-on-insulator (SOI) technology. In: Advanced silicon processing 
- 2002. Lattice Press, Sunset Beach, pp 1-68 

141. Wondrak W, Stein E, Held R (1992) Influence of the backgate- voltage on the break- 
down-voltage of SOI power devices. In: Gosele U, Abe T, Haisma J, Schmidt M (eds) 
Semiconductor wafer bonding: science, technology and applications. Electrochem Soc, 
Pennington, PV 92-7, pp 427-432 

142. Xu S, Plikat R, Constapel R, Korec J, Silber D (1997) Bidirectional LIGBT on SOI 
substrate with high frequency and high temperature capability. In: Proc 9th int Sympos 
on power semiconductor devices and ICs. IEEE, pp 37^10 

143. Yallup K (1993) Analog CMOS circuits on thick film SOI. In: Schmidt MA, Abe T, 
Hunt CE, Baumgart H (eds) Semiconductor wafer bonding: science, technology and 
applications II. Electrochem Soc, Pennington, PV 93-29, p 1 1 7 

144. Yamaguchi, H, Fujino S, Hattori T, Hamakawa Y (1995) Superjunction by wafer di- 
rect bonding. Jpn J Appl Phys 34:L199 

145. Yano K, Honarkhah S, Salama CAT (2001) Lateral SOI static induction rectifiers. In: 
Proc 13th int Sympos on power semiconductor devices and ICs. IEEE, pp 247-250 

146. Yasuhara N, Funaki H, Matsudai T, Nakagawa A (1996) Experimental verification of 
large current capability of lateral IEGTs on SOI. In: Proc 8th int Sympos on power 
semiconductor devices and ICs. IEEE, pp 97-100 

147. Yindeepol W, Bashir R, McGregor JM, Brown KC, De Wolf I, De Santas J, Ahmed A 
(1998) Defect free deep trench isolation for high voltage bipolar application on SOI 
wafer. In: Proc IEEE int SOI conf. IEEE, pp 151-152 

148. Yonehara T (2002) ELTRAN (SOI-Epi wafer) technology. In: Iyer SS, Auberton- 
HervDAJ (eds) Silicon wafer bonding technology for VLSI and MEMS applications. 
Institution of Electrical Engineers, London, pp 53-81 

149. Yun C, Kim S, Kwon Y, Kim T (1998) High-performance 1200 V PT IGBT with im- 
proved short-circuit immunity. In: Proc 10th int Sympos on power semiconductor de- 
vices and ICs. IEEE, pp 261-26 




7 Compound Semiconductor Heterostructures 
by Smart Cut™: SiC On Insulator, QUASIC™ 
Substrates, InP and GaAs Heterostructures 
on Silicon 



L. Di Cioccio, E. Jalaguier, and F. Letertre 



7.1 Introduction 

Large band gap semiconductors will find more and more applications in such im- 
portant fields as power electronics, high temperature electronics or opto- 
electronics where traditional semiconductors are not suitable. Very important ef- 
forts have been made in the last decade on the development of wide band gap ma- 
terials. It is crucial for any industrial development to produce large-size materials 
with good quality at a reasonable cost. Unfortunately crystal growth of these re- 
fractory materials is difficult. For example, SiC can only be obtained using very 
high temperature sublimation or CVD techniques. 

Among the different approaches which have been proposed the Smart Cut™ 
concept [1] is now recognised as a major breakthrough and it has been shown that 
it can be extended to a very large range of materials. It has been introduced by 
LETI, developed by LETI and SOITEC and is based on ion implantation and wa- 
fer bonding. The Smart Cut™ process utilizes various gas ions, but most com- 
monly, hydrogen. Hydrogen implantation enables the splitting of a thin monocrys- 
talline layer from a thick substrate, whereas the wafer bonding enables the transfer 
of the delaminated layer onto a second substrate. The thickness of the film to be 
transferred is directly determined by the ion implantation, and the implanted sub- 
strate can be reclaimed after transfer. This process is now used by SOITEC to 
produce large-volume high-quality SOI wafers. Demonstration has been obtained 
for many other materials including mainstream semiconductors like InP, GaAs, Ge 
and SiC [2,39,40,46]. Both 3C, 4H- and 6H-SiC polytypes on insulator structures 
(SICOI) have been successfully obtained using the Smart Cut™ process. Reports 
on monocrystalline SiC wafer bonding and layer transfer onto polycrystalline SiC 
wafers with no intermediate bonding layer or refractory conductive metallic bond- 
ing layer have also been published. 

The Smart Cut™ concept is particularly suitable for wide band gap semicon- 
ductors which, as described earlier, are expensive and difficult to grow. Using 
Smart Cut™ we can indeed separate the requirements related to the top layer in 
which the device will be fabricated from those of the handle substrate which will 
mainly play a mechanical role. The benefit is obtained first in terms of material 
cost but also in terms of new functionalities. As SOI allows new device concepts 
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or improved device characteristics, thin film SiC on insulator (SICOI) or SiC on 
other structures make possible new device structures. The association of a large 
band gap and refractory material like SiC with full dielectric insulation is espe- 
cially promising for very high temperature and radiation-hardened applications. If 
SOI and bulk SiC are already much more adapted to harsh environments than bulk 
silicon, SICOI structures will represent another step forward in the adaptation of 
semiconductors to more and more stringent conditions. Schottky and p-n SiC di- 
odes suffer from the high cost of 4H SiC wafers. Recently we have presented the 
first demonstration of power Schottky diodes on 4 inch SICOI substrate [4]. By 
designing an original structure involving a sloped Schottky contact, Schottky with 
V br ~ 300 V were obtained with a full 4-inch silicon line compatibility [5]. 

Furthermore, having a membrane of SiC on a substrate separated from this sub- 
strate by a layer such as silicon dioxide, which can be selectively etched, allows 
the fabrication of new microelectromechanical system (MEMS) devices working 
in harsh environments for which standard semiconductors such as silicon are not 
adapted [6], 

For QUASIC™ substrates the insulating bonding layers are replaced by con- 
ductive bonding layer (WSi 2 ). These structures permit to process vertical devices. 
SICOI and QUASIC™ wafers are also perfectly dedicated new substrates for GaN 
growth. For GaN, characterizations on epitaxy have been recently published [7]. 

GaAs or InP on silicon technology presents a huge potential of interest. This 
technology combines the superior electrical and optical properties of GaAs or InP 
with the mechanical and economical advantages and density of integration of sili- 
con. 

To obtain these structures, heteroepitaxy growth has been investigated exten- 
sively but the devices have limited performances due to high density of threading 
dislocations. On the other hand, bonding techniques have been developed and 
have already enabled III-V optical devices on Si to be achieved. We have applied 
the Smart Cut™ process to allow a large dimension GaAs (or InP) thin film to be 
transferred onto a full silicon wafer. This technique is compatible with the re- 
quirements of microelectronics manufacturing. High electron mobility transistors 
HEMT and p-HEMTs structures have been realized. These structures exhibit elec- 
trical characteristics comparable to identical structures grown on conventional 
GaAs or InP substrates. 

The aim of this paper is to review compound heterostructures obtained via the 
Smart Cut™ process and to present the first device performances on these struc- 
tures. In the first part we describe the latest developments and progress made on 
SiC Smart Cut™ structures and especially SICOI structures. We show that differ- 
ent structures in response to different possible applications have been developed. 
As previously published [8], initial SICOI samples exhibited a high resistivity due 
to deep levels generated by the ion implantation process required to induce thin 
film exfoliation. We will see in the second part that important progress has been 
made and that it is now possible to strongly decrease this compensation effect. In 
the third part we will describe the different applications which can be found to 
such SICOI wafers. In the same part we will also see how the structures can be 
adapted to these applications in terms of substrate, buried layers, and the growth 
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or not of an additional SiC layer epitaxially grown on the transferred film. The 
fourth part will be dedicated to QUASIC™ substrates: the process, physical and 
electrical characterization and epitaxy will be reviewed. Part five will present the 
III-V layers transfer process developed using the Smart Cut™ process, the insu- 
lating bonding, conductive bonding and HEMT epitaxial growth results will be re- 
viewed. 



7.2 SiC on Insulator: SICOI 

Important progress has been made in the fabrication of SICOI (silicon carbide on 
insulator) structures using the Smart Cut™ approach. The different structures 
which have been demonstrated in terms of transferred layer polytypes (4H and 
6H), of handle substrate (silicon or polycrystalline silicon carbide) and of buried 
insulator layers (silicon dioxide and silicon nitride) will be described. Deep traps 
present in the SiC layer after transfer and annealing of the structure and which are 
generated by the ion implantation process has been studied using different tech- 
niques (Hall measurements, deep level transient spectroscopy-DLTS, Photolumi- 
nescence, electron paramagnetic resonance-EPR). We will see that their densities 
can be strongly minimized making the as-transferred layer quality compatible with 
many applications. Epitaxial CVD growth of a 4H polytype on top of a transferred 
layer has been also demonstrated. Very low background doping in the 10 14 cm -3 
range has been obtained in these epitaxial layers with a very low trap compensa- 
tion rate. Epitaxial growth of GaN layers on SICOI has been performed with very 
good results. Applications of the different possible SICOI structures and perspec- 
tives will be reviewed. 



7.2.1 Implantation 

We first demonstrated the possibility of transferring a SiC thin film and of obtain- 
ing a SICOI substrate using the Smart Cut™ approach. A basic diagram of the 
Smart Cut™ process is shown in Fig. 7.1. Silicon and polycrystalline SiC sub- 
strates were used as handle wafers and silicon dioxide as intermediate layer. Frac- 
ture behaviour in the different SiC polytypes (3C 4H and 6H) can be anticipated 
by simply comparing the onset of blister creation in these materials. As can be 
seen from Fig. 7.2, this blistering effect can be obtained in the three polytypes un- 
der about the same conditions, which indicates that the response of the different 
materials will be probably about the same for the layer transfer. Figure 7.3 shows 
the formation of a micro-crack located around maximum hydrogen concentration 
depth, R p . Furthermore, this blister formation was observed in n-type, p type and 
highly resistive SiC wafers. 

These hydrogen-induced microcavities have been extensively studied by TEM 
by Grisolia et al., who reported similarities between silicon and silicon carbide. 
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An Ostwald ripening behaviour for nucleation and growth of in-depth microcavi- 
ties has been reported [9]. 




Fig. 7.1. Basic description of the Smart Cut™ process on SiC 




Fig. 7.2. Blistering effects in three SiC polytypes after H + ion implantation at the same dose 
and energy 



In order to better understand the splitting mechanism in SiC, the kinetics of 
blistering has been studied in 4H SiC wafers. The Arrhenius plot of the splitting 
time as a function of the annealing temperature is shown in Fig. 7.4, for the 
500°C-950°C temperature range [10]. The implantation conditions were in the 
range of 95 keV, 6.16 H + /cm 2 . This curve exhibits the same behaviour as that ob- 
tained on silicon [11]. 

Two slopes are clearly shown. As explained for silicon splitting, each regime 
can be associated with a limiting step of the phenomenon. The extracted activation 
energy value of 2.5 eV, for the high-temperature regime, is consistent with the hy- 
drogen diffusion activation energy value reported by Causey [12]. For the low 
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temperature regime, the extracted activation energy value of 3.5 eV is in agree- 
ment with Linnarsson et al. [13], who studied hydrogen diffusion in SiC through 
the trapping and detrapping mechanism in implantation-induced defects. However, 
these assumptions are still to be confirmed. 




Fig. 7.3. Microcracks in silicon carbide located around R p 




Fig. 7.4. Kinetics of splitting in SiC after H ion implantation versus temperature 



7.2.2 Bonding 

In order to obtain new structures, various bonding methods were studied. How- 
ever, compatibility with the Smart Cut ™ process requires some characteristics 
such as strong bonding energy at low temperature. But the large SiC stiffness and 
the surface defects of either CVD epitaxial layers or bulk SiC wafers (Si or C 
face) are not favourable for direct spontaneous bonding even when hydrophilic 
bonding is used [10]. The processes used for bonding SiC onto Si or Poly SiC are 
basically the same than those developed for Si [2,14]. Si0 2 and /or Si 3 N 4 interme- 
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diate layers are used. A chemical mechanical polishing (CMP) step [15] can be 
added to enhance the bonding energy at room temperature [2,16] 

Efforts have been therefore undertaken to improve the SiC surface quality by 
polishing (Inpact-Novasic website) and to reduce the low-density macroscopic 
bonding defect. It is worth noting that the delaminated single-crystalline SiC wafer 
can be recycled several times which is particularly relevant for expensive materi- 
als such as SiC. Specific wafer recycling techniques have been developed for this 
purpose. This was very important to validate the Smart Cut™ approach on SiC 
from an economical point of view. 




Fig. 7.5. Top view of a SICOI wafer on a silicon substrate (SiC/Si0 2 /Si) 




Fig. 7.6. SiC wafer and top view of a SICOI structure on a 4-inch Polycrystalline CVD SiC 
substrate via (SiC/Si 3 N 4 /SiC) 

The use of silicon as the handle wafer is compatible with GaN CVD or MBE 
but not compatible with standard SiC CVD epitaxial growth which is typically un- 
dertaken at temperatures near 1550°C. For these reasons, the SICOI substrates are 
today fabricated as one of two different structures, depending on the nature of the 
top SiC film. One is a substrate structure where the single-crystal SiC film is 
bonded onto an oxidized silicon substrate. The second direction is a substrate 
structure where the single-crystal SiC film is bonded onto an oxidized poly-SiC 
substrate. In both cases, the base substrate diameter can be larger than the pres- 
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ently available 2-inch diameter SiC crystal. This leads to virtual larger substrates 
than commercially available bulk SiC substrates and provide manufacturing bene- 
fits of using a standard processing line. One example of a virtual 4-inch SiC sub- 
strate is shown in Fig. 7.5. In this picture, a 2-inch high-quality SiC single-crystal 
thin film is bonded onto a 4-inch oxidized silicon substrate. 




Fig. 7.7. SICOI surface roughness, 1 pm* 1 pm scan, after final surface polishing, RMS =0.1 
nm 



SiC 



1 pm 



Fig. 7.8. TEM cross section of a SICOI structure 

Moreover, for applications requiring a very low thermal conductance of the 
substrate we have also developed structures where the silicon dioxide layer is re- 
placed by silicon nitride (Fig. 7.6). The thermal conductivity of silicon nitride is 
typically 30 Wm -1 K -1 , 20 times larger than that of silicon dioxide. Taking into ac- 
count the very large thermal conductivity of CVD polycrystalline SiC substrates 
(up to 330 Wm^K" 1 ) the global heat dissipation properties of the SICOI wafers 
can approach the SiC bulk properties and be compatible with typical power 
applications. 
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Typical SICOI structures have the following specifications: thin single-crystal 
SiC layers in the range of 0.2-0. 5 pm can be achieved on top of the buried oxide, 
with a thickness homogeneity of 5%, surface roughness has been measured as low 
as 0.1 nm RMS by atomic force microscopy (AFM) on a 1><1 pm 2 scan (Fig. 7.7). 
The buried oxide thickness itself is in the 0.2-3 pm range. 

TEM observations have highlighted the quality of the SICOI structure. No de- 
fects could be seen either in the 4H SiC top layer or in the oxide Fig. 7.8. 



7.3 Properties of the SiC Layer 
after Smart Cut™ Transfer 

Despite the lack of visible defects in the 4H layer, previous specimens fabricated 
using a nonoptimized process have shown a significant level of dopant compensa- 
tion in the transferred SiC layer even after 1300°C annealing [2]. In order to un- 
derstand this compensation, N-type nitrogen-doped 6H-SiC epitaxial layers (of 
initial doping in the Ixl0 17 -lxl0 19 cm 3 range) grown on 6H-SiC bulk substrates 
were transferred by the Smart Cut™ process onto oxidized silicon wafers to pro- 
duce SICOI structures. The typical resulting SICOI structure has a thin SiC layer 
with a thickness of 500-600 nm and a buried oxide layer of 1 pm. This structure 
corresponds to process conditions detailed elsewhere [2]. 

EPR measurements were performed with an X-band spectrometer in the 4-77 K 
range. Absolute spin concentrations were determined with a calibrated ruby stan- 
dard sample. Hall effect measurements were carried out in the 40-420 K range. 
Van der Pauw test patterns were realized with a mesa structure taking advantage 
of the SOI-like structure. 

After splitting, C(V) measurements exhibited a compensation level higher than 
lxl0 19 cm” 3 [17]. A higher annealing temperature is necessary for the partial re- 
covery of the electrical activity by annealing the defects introduced by the hydro- 
gen implantation. After a 1300°C annealing step, SiC films with a n-doping con- 
centration above lxl 0 1 8 cm -3 exhibit an electrical activity measured by C(V). 

These samples were analysed by Hall effect measurements. Good fits of the 
neutrality equation with the experimental Hall data were achieved for a compensa- 
tion level N a in the range of lxlO l8 cnT 3 . Figure 7.9 shows the Hall effect results 
obtained for an SiC film with an initial doping level of 3xl0 18 cnf 3 . the experimen- 
tal data are compared with theoretical curves simulated for different levels of 
compensation. The best fit is obtained for a compensation equal to 31.3% of the 
starting doping level i.e. 9.4.10 17 cnf 3 . 

The value of N A includes compensating centres introduced by the Smart Cut™ 
process itself plus acceptors introduced during the epitaxial process. The last term 
can be neglected since a well controlled epitaxial process induces less than 
lxl 0 15 cm -3 compensating centres. In this study, a good fit was obtained using 
hexagonal and cubic levels at respectively 60 meV and 150 meV below the con- 
duction band. The hexagonal level value is slightly different from 92 meV, com- 
monly accepted for low doped epitaxial layers in 6H-SiC [18]. Indeed, this level is 
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known to decrease with dopant concentration [19] and compensation defect con- 
tent due to the influence of a random field on the activation energy [20]. On the 
other hand, the cubic level is too deep in the band gap to be affected. 

Besides carrier concentration reduction, carrier mobility also suffers from 
interaction with compensating centres (Fig. 7.9). In this case, the initial 300 K 
mobility of 130 cm 2 V -1 s -1 , coherent with a 3xl0 18 cm -3 doping level, in 6H SiC, is 
decreased to 75 cm 2 V -1 s -1 after SICOI process. 
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Fig7.9. Free-electron concentration {left) and mobility {right) of a SICOI layer with initial 
doping level of 3xl0 18 cm -3 after 1300°C annealing, where E h and E klk2 are respectively the 
hexagonal and cubic levels 
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Fig. 7.10. EPR spectra of the N donors in 1300°C annealed 6H-SiC SICOI layers with 
[N d ]=5x10 17 , 3xl0 18 and 6xl0 18 cnT 3 ; T=4K, The magnetic field was parallel to the c-axis 
(B//c) 

These samples were also analysed by EPR spectroscopy. The EPR spectrum of 
the neutral N donor is observed at thermal equilibrium conditions at 4K (Fig. 
7.10). The 6H-SiC sample with an initial doping level of 3xl0 18 cm -3 after the 
Smart Cut™ confirms the electrical results (Fig. 7.11): after 1300°C annealing, 
only the EPR spectra of nitrogen donors at the quasi-cubic sites was observed. 
This demonstrates a remaining compensation equal or higher than the nitrogen 
concentration on the hexagonal sites, i.e. typically one third of the total donor con- 
centration (approximately lxl 0 18 cm -3 ). 
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Fig. 7.11. EPR spectrum of a 6H-SiC SICOI layer with an initial doping concentration of 
5.5xl0 17 cm -3 after the Smart Cut™ process; T=20K, B//c [1 1-2 0] 

The evolution of the implantation-induced defects with the annealing tempera- 
ture has already been reported in a previous study [16]. After splitting, the main 
paramagnetic defects are carbon dangling bond centres in the 10 18 cm” 3 concentra- 
tion range. As the annealing temperature is increased from 900°C to 1 100°C these 
defects decrease in intensity and di-vacancy centres are observed. Finally, above 
1300°C, only one type of defects remains, which may be responsible for the car- 
rier compensation; it is not clearly identified, but its EPR parameters suggest that 
it could be related to silicon clusters present in the SiC film. 

Under these process conditions, which leave lxl0 18 cm” 3 compensating defects, 
SICOI films with an initial doping level of lxl 0 17 cirf 3 are electrically insulating 
at 300 K with a resistivity of 5xl0 6 ohm.cm (Fig. 7. 12), obtained by extrapolation 
of the high-temperature resistivity measurements). The Arrhenius plot gives a 
thermal activation energy of 500 meV. This result is in good agreement with pre- 
vious DLTS measurements, which have shown, in 1300°C annealed hydrogen im- 
planted SiC material, a main defect Z1/Z2 located at E c =0.65 eV [16]. 

Latest Results on Improved Process Conditions 

The same characterization has been applied for SICOI samples fabricated using 
improved process conditions. 

Hall effects results are shown in Fig. 7.13 for a 6H-SiC film with an initial dop- 
ing level equal to 5.5. 10 17 cm” 3 . A good fit of the neutrality equation with the ex- 
perimental Hall data is, in this case, achieved for a compensation level of ap- 
proximately 4><10 16 cm -3 . The fit parameters are respectively 92 meV and 150 
meV for the nitrogen donor levels. Because of the low concentration of compen- 
sating defects (-6.9%), the hexagonal level is not lowered in this case. The devia- 
tion from the fitting curve at low temperature (below 120 K) is explained by hop- 
ping conduction due to residual compensation [21]: the free-electron concentration 
increases and the carrier mobility drops drastically. However, the carrier mobility 
above 300K is not affected by the Smart Cut ™ process and is comparable with 
that of high-quality epilayer. 4H-SiC films exhibit the same compensation concen- 
tration with a higher mobility. 
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Fig. 7.12. Resistivity of SICOI layer after 1300°C annealing with initial doping level of 
lxlO 17 cm -3 (non improved process) 
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Fig. 7.13. Free-electron concentration {left) and carrier mobility {right) of SICOI layer with 
initial doping level of 5.5x1 0 17 cm -3 after process (carrier mobility before process is shown 
as reference) 



This analysis is confirmed by the EPR results: in contrast with the first process, 
the EPR spectrum of the neutral N donor is now observed (Fig. 7.10) under ther- 
mal equilibrium conditions at 4K even for an initial doping level of 5.5xl0 17 cmf 3 
It has been confirmed by DLTS (Fig. 7.14) that the unknown deep traps which 
were responsible for deep compensation in the previous layers are no longer 
measured in the new specimen. If standard Z1/Z2 centers usually attributed to ir- 
radiation in SiC are still seen, their density is rather low, in the range of 10 16 cnT 3 , 
and well correlated to the level of compensation as obtained using Hall measure- 
ments. 

We can conclude from this study that the induced defects are no longer a prob- 
lem for the major applications. A compensation less than 4x 10 16 cm -3 is obtained. 
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Fig. 7.14. DLTS spectra on SICOI samples obtained using optimized conditions 



7.4 SiC Epitaxy 

It has been shown that lateral Schottky diodes can be processed directly on SICOI 
wafers [5]. However, epitaxy on SICOI substrates is an important improvement 
for the SICOI substrates. It consists of growing epitaxial SiC layers on top of the 
SiC transferred layers in order to achieve higher-performance devices. Indeed, 
growing on top of a SICOI substrate a CVD SiC epilayer with morphological and 
electrical properties comparable to epilayers grown onto bulk SiC substrates 
would allow the manufacturing of high-performance lateral SiC devices such as 
RF power MESFETs or lateral power Schottky [4,22]. 

First we tried to develop a CVD epi process on 4H-SICOI wafers on silicon. 
Due to the Si handle wafer the epi temperature was lowered to 1380°C. Reducing 
the reactive gases fluxes, good epitaxies have been achieved, but the resulting 
growth rate (0.5 pm was too low and the high background doping, in the mid- 10 16 
at/cm 2 range) was too high for further industrial developments. 

To overcome these problems, 4H-SiC SICOI wafers on polySiC as described in 
the first paragraph were used. The CVD processes developed here were carried 
out both in a homemade cold-wall reactor described elsewhere [22] and a hot-wall 
reactor [23]. The reactant gases were silane and propane mixed in a pure hydrogen 
carrier gas. Nitrogen and aluminium were used as the dopants. The wafers are 
placed on a SiC coated-susceptor. The growth was carried out at atmospheric pres- 
sure and the typical growth temperature was 1450°C for the cold- wall reactor. In 
the hot- wall reactor the growth parameters were 250 mbar and 1550°C. In both 
cases prior to growth a slight H 2 etch was done. The growth rate, doping level and 
morphology of the epitaxy were compared to those obtained on full 4H-SiC wa- 
fers. 

No change was observed concerning growth rate i.e 1 pm/hr growth rate for a 
C/Si ratio of 3 in the cold- wall reactor and 3.5 pm/h for a C/Si ration of 1 in the 
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hot-wall reactor. Undoped and doped layers were grown in order to control the 
background doping level and the doping homogeneity on such structures. The 
same results as epitaxy on bulk wafers were obtained and were in good agreement 
with the reactor capacities. Despite the high epitaxy temperature no oxide degra- 
dation was observed. Thanks to the high SICOI quality and thus to the low density 
of non transferred zones, no oxide H 2 etching defects were observed, unlike what 
was previously published [24,25]. Only a few voids (non-bonded area) could be 
seen (Fig. 7.15). Transmission electron microscopy of the structures after epitaxy 
have highlighted the absence of crystallographic defects (Fig. 7.16). It is important 
to notice that this is a very versatile technology, as we can choose any thickness, 
any doping type or level, and any combination of epitaxial layers. Thus, poten- 
tially any kind of device can be made using this technology. 

Furthermore in the present case, we have used SICOI substrates with 2-inch 
poly-SiC handle substrates. One should mention that there is no obstacle to mak- 
ing SICOI substrates using 4-inch (or larger) low-cost poly-SiC, which provides 
the wafers to be processed on standard silicon lines. 




Fig. 7.15. Optical observation of the 7 pm SiC epi surface on a SICOI structure. Only a few 
voids can be seen (black arrow) 



7.5 Heteroepitaxy of GaN 

Today, the GaN industry mainly relies on SiC and sapphire substrates for devel- 
opment and industrial production of optoelectronic devices (blue, green and white 
LEDs, blue and violet laser diodes) as well as for RF and power devices. The rea- 
sons for the use of these two substrates have been already extensively discussed 
[26]. 

Nevertheless, even if these solutions are today being pushed to develop prod- 
ucts for the market, the substrate issues have not yet been solved and still limit de- 
vice development and performance. The first big issue is epitaxial layer quality. 
Whether GaN is grown on SiC or sapphire substrates, blanket epilayers exhibit 
around 1 0 8 — 1 0 9 dislocations/cm 2 due to lattice and thermal expansion coefficient 
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(TEC) mismatches. Expensive epitaxial lateral overgrowth (ELOG) or pendeo- 
epitaxy growth techniques have enabled us to partially solve this issue but the less 
defective substrates obtained do not exhibit a homogeneous defect density. More- 
over, GaN bulk substrates are still far from being an industrial reality, even if 
HVPE (hydride vapor phase overgrowth) grown GaN substrates become more and 
more popular. 



V 



Epitaxy n- 
7.3 pin 



Sic transfer 
SiO^ 



SiC 3C poly 

Fig. 7.16. TEM cross section of a 7 pm epilayer on a SICOI (polySiC) structure 



For lateral GaN-based devices, a SICOI-like approach may be interesting, as 
high-quality GaN epilayers can be potentially grown onto a SiC thin film if 
bonded onto another substrate like silicon or poly SiC substrates. High electron 
mobility transistors (HEMT) GaN devices could benefit from using SICOI sub- 
strates with a top SiC single-crystal semi-insulating thin film as a substitute for 
conventional high purity SI SiC substrates. Moreover, as MOCVD reactors are 
now available for 4-inch substrates, 4-inch virtual SICOI substrates could also be 
used for these technologies and get all the benefits of device processing onto a 4- 
or 6-inch production line. 

For lateral GaN power diodes, following the SiC developments for systems on 
a chip, these substrates can also provide unique opportunities. Finally, as high- 
quality GaN free-standing substrates will in the future emerge on the market, the 
use of the Smart Cut™ technology will contribute to the developments of new 
substrate solutions by providing high-quality GaN single-crystal thin films onto 
different base substrates. 

As a proof of concept and demonstration of feasibility, a GaN layer has been 
grown onto small samples of SICOI substrates to compare with similar growth on 
SiC bulk substrates [27]. In these experiments, the top SiC single-crystal layer was 
chosen to be [0001] 4H (8° off). 
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The experiments have been performed in a MECA2000 molecular-beam epi- 
taxy (MBE) chamber equipped with a radio-frequency (rf) plasma source and a 
conventional effusion cell for Ga evaporation. The N 2 flux was fixed at 0.50 seem 
and the radio-frequency power at 300W, which led to a GaN growth rate of 0.3 
monolayers (MLs)/s under N-limited conditions. 

The growth of GaN films was realized at a temperature of 730°C under Ga-rich 
conditions. More precisely, the N/Ga ratio was adjusted to obtain a growth regime 
characterized by the presence of a Ga bilayer [28,29]. 

Indeed, such conditions have been shown to lead to flat surface morphologies 
without accumulation of Ga into droplets. Previously to the nitride layer growth, 
the quality of the SiC surface was monitored in situby reflection high-energy elec- 
tron diffraction (RHEED) and characterized by intense streaky patterns, character- 
istic of a smooth 2D surface. The final GaN thickness obtained was 0.7 pm. 



7.5.1 GaN Epilayer Characterization 

Structural and optical GaN film properties have been analyzed by atomic force 
microscopy (AFM), high-resolution x-ray diffraction (HRXRD) and photolumi- 
nescence (PL). 

The GaN surface morphology is characterized by triangular-shaped terraces 
with average width contained between 100 and 250 nm, and mean height around 
10 nm. A step-bunching mechanism during the growth, as a consequence of the 
high miscut angle of the SiC substrate (8° off), has been attributed as the cause of 
this important surface roughness. One can expect that GaN layer growth onto on 
axis SiC surfaces would lead to smoother surfaces. 




Fig. 7.17. X 0/20 HRXRD scan from the (0002) reflexion of GaN grown on SICOI sub- 
strate 

The GaN film crystalline structure was then characterized by HRXRD on the 
symmetric (0002) reflection. Rocking curves (co-scans) reveal a narrow peak with 
full width at half maximum value (FWHM) of 122 arcsec. This result indicates a 
very low density of screw-type threading dislocations in the layer. (0-20) scans 
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were also performed and a sharp peak with a FWHM value of 79 arcsec was ob- 
tained (Fig. 7.17). In addition, the scan clearly shows several thickness fringes co- 
herent with a 0.7 pm thick GaN layer and also with the estimated growth rate de- 
duced by RHEED oscillations on previous samples. Furthermore, the presence of 
the fringes indicates a good structural quality of the GaN film, and in particular a 
very smooth GaN/SiC interface. 




Fig. 7.18. PL spectra at 300K of a GaN epitaxy on a SICOI wafer 




Fig. 7.19. (1-100) TEM observation of GaN (0001) epitaxy on SICOI wafer. The disloca- 
tion density is in the low 10 10 d/cm 3 

Room temperature (RT) and low temperature photoluminescence measure- 
ments were performed. The RT measurement (Fig. 7.18) shows a high-intensity 
luminescence line at 3.39 eV (365 nm), with an FWHM of 85 meV, and a standard 
"yellow emission band". At 10K, the emission line shifted to 3.45 eV with an 
FWHM of 23 meV which is slightly higher than values for standard GaN film 
grown in the same way onto bulk SiC (typically between 15 and 21 meV). This 
first result is so far very encouraging. 
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Finally, TEM observations (Fig. 7.19) have been used to characterize the defect 
density in the GaN layer and the interface quality between GaN and SiC. The dis- 
location density was found to be in the low 10 10 d/cm 3 



7.6 Devices on SICOI 



7.6.1 Design and Realization of Power Schottky Diodes 
on SICOI Structures 



Device Structure 

Horizontal devices were designed [5] giving the schematic structure shown in Fig. 
7.20. The edge terminations consist of a B-implanted ring around the Schottky 
contact. Ohmic contact is made on an N + implanted area. It is important to notice 
that after etching SiC layers on the edges, the device is perfectly isolated laterally 
from others. The anode makes a central electrode, and is surrounded by a ring- 
shaped cathode. The main dimensions are listed in Table 7.1. This standard diode 
is rated for 100 mA in forward bias. Interdigited devices with 2 A current rating 
were also designed. 




Fig. 7.20. Epitaxial stack on a 4H SICOI stmcture for a power lateral schottky diode 



Influence of Doping of the Transferred Layer 

The SiC transferred layer can be chosen among either N doped or semi-insulating. 
In case this layer is N doped at the level of ~ 5><10 17 cnT 3 , it will enhance the cur- 
rent flow in the forward mode, but this conducting layer will be detrimental to the 
reverse mode because of the shielding of the resurf effect. By using a semi- 
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insulating transferred layer, the opposite behaviour will occur with lower on- 
current and improved reverse mode. As this parameter can have a significant in- 
fluence on the device characteristics [5], it was evaluated on the devices. 

Table 7.1. Table of the main parameters for lateral schottky SiC technology 



Buried oxide 


3 pm 


Transferred SiC 


4H SiC, Si face, 0.5 pm 


film 


N+ doped C“5*T0 17 cm" 3 ) 
or: Semi-insulating 


Epitaxy 


4H SiC, 3 pm 
N- doped - 1 *10 16 cm’ 3 


Diodes: 




Ring shaped: 


Length: 21pm 
Dimension: 600*200 pm 
Rating: 100 mA 


Interdigited: 


Length: 21 pm 
Dimension: 2000*1250 pm 
Rating: 2 A 



Edge Termination 

The edge terminations were made using B implantation, with an energy of 30 KeV 
and a dose of lxlO 15 cm” 2 . Annealing was performed at 1050°C. These conditions, 
which were proposed by Itoh et al. [30], combine a rather simple process and good 
performance. Using this process, the edge termination is effective, by creation of 
defects [30], and not as a result of p-type doping, since the annealing temperature 
(1050°C) is too low for B activation. However, it is important to mention that the 
use of SICOI substrates should be compatible with the realization of ‘True” p-type 
edge terminations, as these substrates can withstand a temperature of 1500°C, 
which is a suitable p-type annealing temperature for high performance Schottky 
diodes [31]. 



7.6.2 Fabrication of the Devices 

The diodes were fabricated using the following process steps: 

- Definition of active area : SiC layers are etched at the edges, which allows per- 
fect galvanic insulation between the devices, thanks to the presence of Si0 2 
from the SICOI substrate. The etching is made with inductively coupled plasma 
(ICP) high density-plasma in an Alcatel 601E tool, at an etch rate of 350 
nm/mn. 

- Passivation : the devices are passivated with Si0 2 (1.5 pm thick) and, at the end 
of the process, with an organic polyimide-like polymer (~ 4 pm). 
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- Local nitrogen doping : in order to provide ohmic contact, nitrogen is locally 
implanted (box profile, ~ 7xl0 19 cm -3 ), followed by annealing for dopant acti- 
vation. 

- Local Boron doping : as mentioned above, edge terminations are made by local 
implantation of B and 1050°C annealing. 

- Formation of ohmic contacts', prior to metallization, the surface is cleaned by 
dipping in HF. Nickel is sputtered, patterned and annealed at 950°C for ohmic 
contact formation. 

- Formation of Schottky contact : Schottky metallization is made with Ti, which 
is sputtered, patterned and annealed. Both anode and cathode metallizations are 
reinforced by a 1 pm A1 layer. 

The structure is represented in Fig. 7.21. A top view of the hilly processed wafer 

is shown in Fig. 7.22. 



B implant. (Edge termination) 




Fig. 7.21. Schematic diagram of the Schottky diodes and substrate structure 




Fig. 7.22. Snapshot of a fully processed 2-in. SICOI wafer with epitaxy and devices 
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7.6.3 Electrical Results 



Direct bias 

Figure 7.23 shows forward characteristics made on a series of 100 mA-rated di- 
odes, corresponding to structure with conducting transferred layer. Simulated 
characteristic is also plotted for comparison. 




Fig. 7.23. Forward characteristics of Schottky diode 

The measured current is lower than expected, around one decade below. The be- 
haviour is the same for diodes made on substrate with SI transferred layer: for the 
same size, the current rating is 50 mA, and the measured current is around a dec- 
ade below the one expected. We suspected a problem in the ohmic contact, and to 
verify this we analysed ohmic contact pads by SIMS, after removal of Al top 
metal layer. The result is given in Fig. 7.24. 




Fig. 7.24. SIMS analysis of defective ohmic contact of Schottky diodes 




Compound Semiconductor Heterostructures by Smart Cut 



283 



TM 



The implanted nitrogen is clearly visible from the SiC surface, and the N signal 
decreases to the level of the epitaxial SiC drift layer. A significant quantity of 
oxygen is evidenced at the Ni/SiC interface. We could not determine whether this 
oxygen was from the Si0 2 phase, or the nickel oxide (or other), but its unexpected 
presence was clearly correlated with the failing ohmic contact. This penalizing 
oxygen contamination was attributed to insufficient cleaning of the SiC surface 
prior to Ni metallization, and/or oxygen leak during the ohmic contact annealing 
at 950°C. 

On the wafers we applied several Transmission Line Method (TLM) test pat- 
terns, to evaluate the different contacts used in the process. We could verify that 
the Ni/N-implanted SiC contact was very poor (even rectifying). The contact be- 
tween the Ti and the B-implanted SiC was also characterized, and we found a sur- 
prisingly ohmic behaviour, with an extracted specific contact resistance of ~ 3.5 
mQcm 2 in the best case. This contact should be considered as a contact to n-type 
SiC, as the implanted B is not supposed to be activated. Nevertheless this good 
ohmic contact allowed us to measure the resistance of the SiC layers (transferred 
layer and epitaxial), and we could verify that, according to the doping levels and 
thicknesses, both SiC layers exhibited non-degraded resistivities. We believe that 
the low On current values on the diodes is the result of a failing Ni/SiC ohmic 
contact, and not due to any SICOI substrate (and epitaxy) related problem. 

Reverse Bias 

The reverse characteristics were measured. Very high breakdown voltages could 
be obtained on the devices, with the best results on the SICOI substrates with a 
semi-insulating transferred layer, as shown in Fig. 7.25. The V br reaches ~ 1000 V. 
For the first time Schottky diodes have been realized on 4H-SiC layers epitaxially 
grown on SICOI wafers. The electrical results for these Schottky diodes can be 
summarized as follows: 

1. The forward current is lower than expected: it was due to accidental oxygen 
contamination during the ohmic contact step, and is not related to the SICOI 
substrate and/or subsequent SiC epitaxy. 

2. The reverse voltages are excellent values of V br of ~ 1000 V were obtained. 

3. The influence of doping of the transferred layer was verified. 
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Fig. 7.25. Reverse characteristics of Schottky diode 



7.7 Characterization of SICOI n-Type 4H-SiC Thin Film 
Piezoresistors in a Pressure Sensor for High-Temperature 
Applications 

There is a need for pressure and strain sensors operating at temperatures between 
400-800°C in automotive and jet engine applications. Conventional silicon pie- 
zoresistors do not operate in this temperature regime. Due to its wide band gap 
(3.3 eV for 4H-SiC), good chemical resistance and mechanical properties, silicon 
carbide is a good candidate for such applications. For MEMS applications, the 
Smart Cut™ technology is aimed at being a low-cost one and allows the use of 
standard silicon micromachining technologies thanks to the silicon substrate wafer 
The work presented here is based on the fabrication and the test of a pressure sen- 
sor fabricated using standard bulk micromachining technologies applied to a n- 
type 4H-SiC SICOI wafer. The net carrier concentration of the SiC thin film is 9.5 
x 10 18 cm -3 . The form of the elastoconductance tensor for a-SiC is published else- 
where [6]. 



7.7.1 Test Device: Principles of Operation 

The fabricated device is an absolute pressure sensor designed for a maximum op- 
erating pressure of 5 bar. It is fabricated using bulk micromachining technologies. 
The difference of pressure between the two sides of a silicon membrane is trans- 
mitted to SiC strain gauges placed on the membrane. Figure 7.26 shows the ar- 
rangement of the SiC strain gauges on the rectangular silicon membrane. The four 
gauges Rl, R2, R3 and R4 arranged in a Wheatstone bridge are shown in Fig. 
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7.27. The potential difference Vab is the output of the sensor. The output of the 
bridge is linked to its unbalanced state by: 

(7.i) 

Vg 4{ R y 

where the SR f are the variations of the gauge resistances around their common 
value R and Vg is the supply tension. The thickness of the silicon elastic mem- 
brane is 35 pm. The size of the membrane is LI = 1066 pm and L2 = 2370 pm. 
This corresponds to a ratio of L2/LI = 2.22 between the two sides of the mem- 
brane. The size of a gauge is 50x10x0.5 pm 3 . R\, R3 are aligned with the y direc- 
tion and R2 , R4 with the x direction. They are disposed in a 50 x 300 pm 2 area at 
the centre of the membrane, so we consider that the strain undergone by the 
gauges is uniform and is that at the centre of the membrane upper surface. 



y 



Fig. 7.26. Schematic view of the position of the strain gauges on the silicon membrane 






Fig. 7.27. Wheatstone bridge connection of the strain gauges 
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7.7.2 Test Device: Fabrication Process 

The substrate material used is a n-type 4H-SiC SICOI 100mm wafer. Fig. 7.28 
shows the starting wafer which is composed by a 450 pm thick <100> standard 
silicon substrate, a 1pm thick buried oxide and a 0.5pm 4H-SiC thin film. The net 
carrier concentration of the SiC thin film is 9.5 x 10 18 cm -3 . The [0001] axe of the 
crystal is perpendicular to the plane of the wafer (the present study does not take 
into account the 8° off axis tilt of the SiC substrates). 

The fabricated device has the well known structure of a pressure sensor fabri- 
cated using bulk micromachining technologies (Fig. 7.29): 




Si bulk: 450 pm 



Fig. 7.28. 100 mm SICOI structure used for the sensor fabrication 

In the first step of the process, the SiC strain gauges of the sensor are defined as 
mesa-type structures patterned in a SF 6 Plasma using a standard Reactive Ion 
Etching equipment. The buried oxide ensuring the mechanical contact and electri- 
cal insulation of the gauge with the silicon is then wet etched around the mesa SiC 
structure. In each sensor, there are four strain gauges linked together in a classical 
Wheastone bridge. 

Then, in the second step, a 0.5 pm thick passivation oxide is deposited and con- 
tacts to the strain gauges are opened through it. Immediately after this, the ohmic 
contact on the SiC is realised with a rapid 1% HF cleaning of the contacts fol- 
lowed by the deposition of a 0.5 pm thick sputtered W film. The ohmic contact is 
then activated with a rapid thermal anneal at 1300°C for 5 minutes. The metalliza- 
tion used to connect the strain gauges together and to realise the connecting pads 
of the device is a 0.1 pm/0. 5pm WN/Au sputtered bilayer. 

Then, in the third step, a silicon rectangular membrane is defined under the 
strain gauges using standard KOH anisotropic etching of the silicon substrate. Fi- 
nally, the created cavity is sealed by anodic bonding under a vacuum on a glass 
substrate, whose coefficient of thermal expansion matches the silicon one. A pho- 
tograph of the processed sensor is shown in Fig. 7.30. 
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Fig. 7.29. Process flow of the sensor fabrication 




Fig. 7.30. Photograph of the SICOI sensor 



7.7.3 Experimental Results 

A test of the pressure sensor was made in the 20-1 50°C temperature range. These 
measurements were carried out in a well stabilized test equipment in which the 
pressure could vary from 0 to 5 bar under constant current through the bridge. The 
sensitivity of the sensor was -2.4 mV V” 1 bar -1 at 24°C, corresponding to a bridge 
gauge factor of 16. With the 5 bar maximum operating pressure this gives a full- 
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scale signal of 12 mV. This is comparable to the values reported in the literature: 
longitudinal and transverse gauge factors of -20.1 and 3.8, respectively at room 
temperature have been obtained with n-type (N d =3.7><10 18 cm” 3 ) 3C-SiC [32]. This 
corresponds roughly to a bridge gauge factor of 12 ((20.1+3.8)/2). For Okojie et 
al. [33], a value of 15 at room temperature and 9 at 250°C is given for the gauge 
factor of a Wheatstone bridge made with n-type (N d =2xl0 19 cnT 3 ) 6H-SiC piezore- 
sistors. 

The temperature coefficient of gauge factor ( TCGF ) is defined as: 

rccr _ 1 GF(T)-GF(T ref ) (7.2) 

GF{T ref ) T-T ref 

where GF(T) is the value of the gauge factor of the sensor measured at tempera- 
ture T and T ref is room temperature. A TCGF of -0,28%/°C at 140°C is obtained 
with our device. These results can be compared with the TCGF of -0.17%/°C at 
100°C and -0.18%/°C at 100°C obtained with 3C and 6H-SiC, respectively as re- 
ported in literature [34,35]. 

Finally, the device has been submitted to temperatures up to 400°C for one 
hour, showing no structural degradation. After this temperature treatment, the 
pressure sensitivity of the sensor was kept unchanged in the 20-140°C and 0-5 
bar ranges. Characterisations up to 600°C are in progress. 

In conclusion, high-temperature pressure sensor using a n-type 4H-SiC SICOI 
as a starting wafer has been demonstrated. The sensitivity of -2.4 mV V -1 bar -1 at 
24°C shows an acceptable level for operational applications. 



7.8 QUASIC™ Smart Cut™ Substrates 
for SiC High-Power Devices 

In the previous sections we have presented the multiple transfers of high-quality 
SiC thin films onto dissimilar substrates, such as silicon and polycrystalline SiC 
wafers, via oxide layers, for the fabrication and characterization of SICOI sub- 
strates. We will now present the most recent developments of this technology, 
where vertical conduction is needed. The development of structures such as 
monocrystalline 4H SiC thin film transferred onto low-cost substrates via conduc- 
tive layer bonding has been studied. CVD epilayers on these QUASIC™ subtrates 
have also been characterized. 



7.8.1 Experiments and Results 

Wafer bonding between monocrystalline and low-cost SiC wafers, with refractory 
and conductive tungsten-silicide-based bonding layers, has been developed. This 
bonding layer has been chosen regarding physical considerations such as thermo- 
dynamical equilibrium with SiC, refractory behaviour and ability to form ohmic 
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contacts with SiC. According to the isothermal sections of the W-Si-C ternary 
phase diagram (Fig. 7.31), WSi 2 is stable in contact with SiC in the range of inves- 
tigated temperatures [36]. 

Si 




Fig. 7.31. Isothermal section at 1373K of the W-Si-C ternary phase diagram 



Refractory conductive 
metallic bonding 
layer (WSi 2 based) 



Poly crystal line or low quo City 
mono SiC wafer 
1 00 mm diameter possible 



Fig. 7.32. Typical QUASIC™ structure 




411 SiC (8 W, Si face ) epi 
ready surface 




Fig. 7.33. Optical micrograph of a 2 inch QUASIC™ substrate obtained with the Smart 
Cut™ technology 

The association of this hydrophilic bonding approach with the Smart Cut™ 
technology has led to the demonstration of SiC thin film transfer onto low-cost 
SiC substrates (QUASIC™ substrates). 
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Fig. 7.32Figures 7.32 and 7.33 show such a substrates obtained after wafer 
bonding between two monocrystalline 4H wafers and 4H SiC thin film transfer 
with the Smart Cut™ process. As can be seen in this figure, almost the entire sur- 
face, previously bonded, has been transferred (bright area). 

Epitaxy on QUASIC™ Substrates 

Several epitaxial runs using standard bulk conditions have been performed on this 
kind of substrate with epitaxial layer thickness and electrical properties compatible 
with the fabrication of power devices. Standard surface preparation has been im- 
plemented before loading in a horizontal cold-wall reactor at atmospheric pressure 
and at a temperature of 1450°C. A H 2 in situ etch was applied prior to epitaxy. 
Epitaxial layers as thick as 8 pm have been grown. Optical microscopy observa- 
tions did not reveal any epitaxial defect induced by the composite nature of the 
QUASIC™ substrate. Residual doping as low as 5 x 1 0 14 at/cm 3 was measured by 
C(V) techniques using a mercury probe. The high crystalline quality of these epi- 
taxial layers was confirmed by TEM and photoluminescence characterizations. 
TEM cross-sections (Fig. 7.34) have been performed to investigate the quality of 
the bonding layer, the crystallinity of the transferred SiC thin film, the structure of 
the bonded interface as well as the quality of the CVD epitaxial SiC regrown 
layer. 




Fig. 7.34. TEM micrograph of the transferred SiC 4H thin film on the CVD polycrystalline 
SiC substrate after epitaxial growth. Only part of the epitaxial layer is shown. Its thickness 
estimated by TEM reaches 8 pm 

After the SiC thin film splitting, TEM cross-section observations (Fig. 7.35) re- 
veal that the bonding layer is made up of WSi2 grains alternating with empty 
spaces. No significant distortion of the different interfaces can be seen. After epi- 
taxial growth performed at T = 1450°C, a significant change of bonding interface 
morphology can clearly be seen as the interfaces between the bonding layer and 
the polycrystalline SiC crystal have obviously reacted together (Fig. 7.36). This 
effect is specifically strong for the interface between the bonding layer and the 
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substrate, which is polycrystalline SiC in this case. This bonding interface modifi- 
cation is related to the high-temperature annealing, as it has been observed for all 
samples annealed at temperatures typical of epitaxial growth. In most of the 
considered samples, the epitaxial layer is free of extended defects and its contrast 
is homogeneous. 

Moreover, low temperature photoluminescence (LTPL) spectra (Fig. 7.37) 
show that the quality of the SiC epitaxial layer grown onto QUASIC™ substrates 
is similar to the epilayer grown on SiC bulk substrates. Figure 7.38 displays two 
spectra corresponding to epilayers grown during the same epitaxial run. The first 
one corresponds to an SiC epitaxial layer grown onto a standard 4H SiC bulk sub- 
strates while the second one corresponds to an SiC epitaxial layer grown onto a 
QUASIC™ substrate. As can be observed, the two spectra are similar. In both 
cases, the photoluminescence is dominated by near-band-edge emission associated 
with nitrogen bound exciton luminescence (Q 0 ) and corresponding phonon repli- 
cas (PQhv)- No evidence of s deeper energy band associated with impurities or de- 
fects is detected in the case of epitaxy on QUASIC™ substrate. 




100 nm 



Fig. 7.35. WSi 2 layer between two silicon wafers, just after splitting. One can see that the 
layer is discontinuous but the interfaces are regular. 




Fig. 7.36. After a 1300°C annealing the interfaces are distorted 



Electrical Characterization 

Finally, to investigate the electrical characteristics of QUASIC™ substrates with- 
out regrown epitaxy, ohmic contacts were formed on both sides. Two metal layers 
(W and Al) were successively deposited by a conventional deposition process fol- 
lowed by an annealing step. Then, circular contact pads were patterned on the 
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front side with effective diameters ranging from 250 to 1600 pm. On the 
QUASIC™ substrate, some non transferred (NT) areas (Fig. 7.38b) can be ex- 
posed, allowing a comparison of the electrical behaviour (ohmicity, resistance 
value) with transferred (T) structures (Fig. 7.38a). 
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Fig. 7.37. LTPL of a 4H SiC epitaxial layer (N type doping 1><10 16 at/cm 3 , 7 pm thick) 
grown on bulk SiC ( upper spectrum) and QUASIC™ substrate {lower spectrum ) during the 
same epitaxial run 
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Fig. 7.38. 1(V) pattern on: (a) transferred structure (T structure) and (b) directly on bulk for 
comparison (NT structure) 



Most of the T structures exhibit ohmic characteristics with measured resis- 
tances ranging from 1 to 3 Q, (showing a slow decrease as the surface increases) 
and so is one order of magnitude higher than expected from calculations. Theo- 
retical calculation of the spreading resistance has been carried out by solving 
Laplace’s equation for the potential distribution in each layer and matching the po- 
tentials and flux densities at each interface [37]. 
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Fig. 7.39. (a) I(V) measurements on T and NT structures of radius 450 pm. (b) Theoretical 
calculation of the spreading resistance of T and NT structures. 45 mQ is the best value ex- 
pected for this process 



The important point is that both system (T and NT structures) have similar elec- 
trical properties (Fig. 7.39), suggesting that the bonding layer is not a limiting fac- 
tor for device operation of an effective electrical conductive 



7.9 III— V layers transfer by the Smart Cut™ Process 

The application of the Smart Cut™ process using ion implantation to transfer thin 
GaAs and InP films onto silicon is presented here. Among the technologies of thin 
monocrystalline layer transfer, the Smart-Cut™ process has technical and eco- 
nomical advantages. The transfer of thin layers onto many various materials with 
both a good thickness homogeneity and a high crystalline quality can be high- 
lighted. From an economic point of view, the possibility of reusing the remainder 
of the implanted substrate helps to reduce costs, especially for III-V materials. 

However, contrary to the case of silicon, few studies have been carried out on 
the application of the Smart Cut™ process on III-V semiconductors such as GaAs 
and InP. One of the main reasons is the economic factor. For these semiconduc- 
tors, the market addressed by those applications is not as important as SOI for sili- 
con. 

The other reasons are technical factors. One of the main objects of the applica- 
tion of the Smart Cut™ process on GaAs or InP is the monolithic integration of 
these III-V materials into silicon technology, especially for optoelectronic appli- 
cations. In that case we have to face the problems of assembling two materials that 
have rather different thermal expansion coefficients (TEC). This problem is more 
noticeable for GaAs/Si (TEC of GaAs ~6.9xl(T 6 °K _1 , TEC of Si ~2.6xl(T 6 °KT 1 ) 
assembly than InP/Si (TEC of InP ~4.6xlCT 6 KT 1 ) assembly. As a matter of fact, 
the realization and use of such heterogeneous substrates and assemblies face ther- 
mal stress problems, which limit the possible temperature range of operation. 
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Another important parameter for the application of the Smart Cut™ process on 
GaAs and InP is that for these semiconductors the temperature range during hy- 
drogen implantation has a critical influence on the nature of the fragilized buried 
layer created by the implantation. Tong and Gosele [38] were the first ones who 
underlined the importance of the temperature during the hydrogen implantation of 
the Smart Cut™ process. As opposed to Si or SiC, the temperature ranges they 
point out for GaAs (~ 160-250°C) and InP (~150-250°C) are rather narrow. Such 
conditions are difficult to control when using standard ion implanters. 

Despite these difficulties, we have applied successfully the Smart Cut™ proc- 
ess to the transfer of large dimension GaAs and InP thin films onto full silicon wa- 
fers [39,40]. 

Tong et al. [41] have also reported successful attempts on transferring a InP 
layer onto silicon wafer with a B + H co-implantation. And recently other authors 
have succeeded also in transferring a GaAs layer onto a silicon substrate based on 
hydrogen containing implantation steps: Gawlik et al. [42] using a two-step hy- 
drogen implantation, and Radu et al. [43] using a He + H co-implantation. 

As a matter of fact, the Smart Cut™ process is a generic process working on 
different materials. The principle of the Smart Cut™ process should enable any 
monocrystalline film to be transferred onto any type of substrate. The following 
conditions are preferred if one wants to build an industrial process: 

- the ability of the implanted material to be efficiently fragilized due to the effect 
of the implantation of the gas species (for instance hydrogen or helium) 

- the possibility of joining the surface of the implanted material to a stiffener 
(substrate, handle wafer, thick layer) with sufficient bonding energy to prevent 
debonding during the splitting treatment. 

As for Si, SiC, GaAs and InP, the Smart Cut™ process has been also applied suc- 
cessfully to other semiconductors, as for instance GaSb [44], SiGe [45] and Ge 
[46]. It has been also shown that the Smart Cut™ process works on complex oxide 
materials such as sapphire, LaA10 3 [47], SrTi0 3 [48] and LiNb0 3 [49]. 

Other authors have also characterized the effect of gas species implantation, 
and more specifically verified the possibility of obtaining blisters, with GaN [50], 
diamond [51], etc. 



7.9.1 Effect of Hydrogen Implantation in GaAs and InP Wafers 

Up to now, the most advanced studies on the effects of ion implantation on the 
fragilization of semiconductors have been carried out for hydrogen species and on 
silicon. 

As-implanted silicon wafers have been studied by TEM observations [52] and 
infrared absorption spectroscopy in the multiple internal reflexion (MIR) configu- 
ration, which provides information on the hydrogen chemical bonds inside the sili- 
con matrix [11]. After implantation of hydrogen doses in the range of a few 
10 16 H + /cm 2 to 10 17 H + /cm 2 , no defects are detected close to the silicon surface, but 
platelets or microcavities confined around the maximum hydrogen concentration 
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depth (R p ) can be found. These platelets can be observed by high-resolution TEM 
or by TEM observations when imaging in bright field conditions and out off 
Bragg conditions ( Fig. 7.40). 




Fig. 7.40. XTEM micrograph of microcavities or platelets formed in H + -implanted Si (after 
[11,52]) 

In (100) Si wafers, the platelets lie essentially on the (100) planes parallel to the 
surface and to a lesser extent on the (111) planes, which are energetically the most 
favourable. For a 6><1 0 16 H + /cm 2 implantation dose, the platelets are about 10 nm 
large and 1 or 2 atomic planes thick. Furthermore, infrared absorption spectros- 
copy indicates that, after hydrogen implantation, hydrogen is bound to silicon 
mainly as the monohydride species, in different sites [11]. 

In silicon wafers implanted with a few 10 16 H7cm 2 to 10 17 H + /cm 2 , thermal 
treatment induces the evolution of such microcavities, according to a growth 
mechanism. Studies performed by TEM, SEM, and optical observations [3,53] 
show that the growth of the microcavities is governed by an Ostwald ripening 
mechanism, which is controlled by hydrogen diffusion. 

Ultimately, this growth can lead to the formation of microcracks and microplit- 
ting, as shown in Fig. 7.41. 




Fig. 7.41. TEM cross-section micrograph of a microcrack formed after thermal treatment of 
an H + implanted Si sample (after [11]) 

These micro-cracks can develop up to such a size that blisters are optically visible 
on the surface of the implanted wafer when no stiffener is present on this surface. 
If the implanted silicon wafer is bonded to a stiffener, the microsplitting also ap- 
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pears, but in this case the presence of the stiffener prevents the formation of blis- 
ters and the micro- splitting may give rise to splitting of the full wafer. 

The occurrence of blisters at the surface of the unbonded material in fact is a 
good indication of the existence of micro-cavities at the level of the implantation 
R p , and represents a simplified but powerful way to monitor and understand at 
which rate and under which conditions buried microcavities are growing and 
fragilising more and more the implanted substrate. Consequently, we performed 
macroscopic and microscopic studies on blister formation at the GaAs and InP 
surfaces caused by hydrogen implantation and subsequent annealing [39,40]. Our 
first studies on wafers of (100) semi-insulating GaAs have shown that after proton 
implantation at 100 keV energy with a dose in the range 5 X 10 16 to 1><10 17 H + /cm 2 , 
blisters appear after annealing in a temperature range of 400-700°C (Fig. 7.42). 
The same blistering phenomenon was also observed at the (100) semi-insulating 
InP or doped surface after proton implantation at 100 keV energy and for doses 
varying from 7><1 0 16 to lxl0 17 H + /cm 2 and subsequent thermal treatment in a 
250°C to 400°C temperature range (Fig. 7.42). 




Fig. 7.42. Typical optical micrographs showing surface blisters on GaAs (left) and InP 
(right) after proton implantation and annealing 

The minimum temperature to obtain blisters depends directly on the implanted 
dose. But it is important to note that the formation of blisters at the surface of H + - 
implanted GaAs or InP wafers after annealing depends strongly on the tempera- 
ture of implantation. 

Some studies about this crucial point have been reported on GaAs in particular. 
And it seems that the implantation temperature is one of the key parameter to de- 
termine the optimum conditions for the layer transfer of GaAs and InP thin films. 
Approximate temperature windows of wafer temperature during hydrogen implan- 
tation required to induce blistering of some materials were determined experimen- 
tally by Tong and Gosele [38]. They reported that unlike in the Si and SiC cases, 
where the temperature windows are relatively wide (50-450°C for Si and 50- 
900°C for SiC), the temperature windows are very narrow for GaAs (160-250°C) 
and InP (150-250°C). The same range of temperature was also used in this work 
to realize layer transfer. 
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Gawlik et al. [54] also studied the effects of hydrogen implantation in GaAs at 
different temperatures. They observed no blistering at temperatures below 100°C 
even after implantation with a dose as large as 4><10 17 H + /cm 2 . And Radu et al. [55] 
also reported that hydrogen implantation at room temperature does not induce 
blistering of GaAs surfaces. 

Actually, the optimum implantation temperatures for GaAs and InP are not yet 
clearly known, probably because measurement of the wafer temperature is not 
clearly known for most of the implanters. Nevertheless, in the case of GaAs and in 
comparison with our first results [39], we have optimized the hydrogen implanta- 
tion parameters (dose and beam current density) in order to optimize the efficiency 
of hydrogen ions to achieve a maximum fragilization within the substrate. The 
specific target was in this case to achieve the transfer of thin GaAs films onto sili- 
con substrates by applying a maximum temperature of about 250°C between 
bonding and detachment along the fragilised buried layer. 

We have characterized the microscopic effects of hydrogen implantation and 
subsequent annealing in GaAs and InP wafers by TEM cross-section observations. 
For GaAs, XTEM observations ( 

Fig. 7.43) exhibit three types of cavities located at a depth of 800 nm from the 
surface close to the maximum concentration of hydrogen implanted into GaAs at 
100 keV calculated by SRIM96 (Monte Carlo simulation): 

- elongated cavities in the {111} planes and polyhedral cavities which are also 

encountered in GaAs [56] 

- elongated microsplitting parallel to the (100) surface with micrometre size. 




Fig. 7.43. XTEM micrograph of GaAs sample after proton implantation (8x10 H+ cm" at 
100 keV) and annealing at 500°C. Cavities, indicated by arrows, are elongated in the (100) 
or {111} planes (A, B) or are polyhedral (C) 

For InP, XTEM observations (Fig. 7.44) also clearly indicate that proton im- 
plantation followed by thermal treatment leads to microcracking of the InP. The 
microcracks can be continuous over several micrometres. They are localized at a 
depth of 800 nm, which corresponds to the maximum concentration of hydrogen 
implanted at 100 keV in the InP. 

Other TEM investigations [55] of as-implanted GaAs samples also show the 
occurrence of microcracks after hydrogen implantation performed at 100°C. These 
microcracks are also found in Si [52], SiC [2] and Ge [51]. These results show that 
the mechanism for the occurrence of microcracks in GaAs and InP is similar to 
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that observed in silicon and SiC. This seems to indicate a common basic mecha- 
nism in all these semiconductors for their ability to develop hydrogen-related mi- 
crocavities, and therefore their ability to be fragilized in a controlled manner. 







Fig. 7.44. XTEM micrograph of microcracks in semi-insulating (100) InP after proton im- 
plantation (7><10 16 to 10 17 H + cm' 2 at 100 keV) and annealing at 400°C 



7.9.2 Smart Cut™ GaAs and InP on Silicon: 

Via Insulating Bonding or Conductive Bonding 

The preliminary blistering studies had shown that the fragilization of the hydro- 
gen-implanted layers was optimum for rather low temperatures (typically below 
400°C), suggesting that natural detachment could occur after the application of a 
single low-temperature thermal treatment alone (easiest option to detach along the 
separation line drawn by the implanted layer). 

Low-temperature operation is also preferred to avoid stress problems owing to 
the large thermal mismatch between III-V materials and silicon, and also to pre- 
vent undesirable damage to the thin GaAs or InP films to be transferred. 



Transfer via an Insulating Bonding 

For insulating bonding layers, we chose to perform the bonding of the two wafers 
via Si0 2 -Si02 bonding. Bonding of hydrophilic surfaces is the simplest way to 
associate different materials together. The bonding of Si0 2 surfaces remains one 
of the most well-known examples for the bonding of hydrophilic surfaces, as used 
in the achievement of SOI bonded structures. Moreover, the deposition processes 
of Si0 2 layers have been extensively developed on many types of material and 
surface cleaning procedures have been widely studied to obtain hydrophilic sur- 
faces. 
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Figure 7.45 describes the process we used for transferring GaAs or InP films 
onto a silicon wafer via an oxide layer. For this, the two substrates of III-V and Si 
are coated with a layer of Si0 2 deposited by plasma enhanced chemical vapour 
deposition (PECVD). A layer of thermally grown Si0 2 can also be used on the 
silicon wafer as a bonding layer. After a proton implantation (for a proton implan- 
tation at 100 keV energy with a dose in the range 5><10 16 to 10 17 Ff/cm 2 ) and be- 
fore the direct wafer bonding at room temperature, both wafers are polished to en- 
sure a low roughness and then cleaned. Using this preparation, a bonding energy 
in the 250 mJ/m 2 range is measured using the crack opening method [57]. This 
bonding energy increases up to 900 mJ/m 2 after an anneal at 350°C for 30 min. 
For the detachment treatment along the fragilised layer within the implanted III-V 
wafer, we chose here to apply a thermal treatment, in the 400°C-700°C range. 

INITIAL WAFERS 




STEP 1 ; H* implantation STEP 2 : CMP + bonding 




STEP 3 : splitting treatment STEP 4 : polishing 

Fig. 7.45. Principle of the Smart Cut™ process used to transfer a thin GaAs or InP film 
onto Si via a Si0 2 layer 

Transfers of large-dimension thin GaAs or InP films onto silicon wafers have 
been achieved in this way. The macroscopic views of the transferred wafers show 
good transfers on the full wafer, such as the 3 -inch SI GaAs film onto silicon 
structure shown in Fig. 7.46. 

A cross-section of this structure obtained this way exhibits a good quality bond- 
ing interface and some microroughness at the surface due to the splitting [39]. The 
microroughness, determined with a Tencor profilometer, indicates an RMS rough- 
ness of ~15 nm. A final polish may preferentially be carried out after splitting to 
eliminate the disturbed region on the surface. 

Similar conditions have been applied for the transfer of thin 3-inch S doped InP 
film onto silicon. A thermal treatment in the 250-400°C range has been found 
more particularly efficient in this case. Semi-insulating InP films and InP with 
others dopants (Sn and Zn) were also transferred onto silicon wafer via a Si0 2 - 
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Si0 2 bonding [40]. However, Si0 2 layers are unstable on GaAs. So, in order to 
test for improved conditions, we have tested the effect of a PECVD Si 3 N 4 thin 
layer deposition on the GaAs substrates followed by the Si0 2 bonding layer, hy- 
drogen implantation and bonding onto Si. Transfers of semi-insulating GaAs films 
of 100 mm diameter onto Si0 2 silicon substrates have been successfully per- 
formed, as can be seen in Fig. 7.47. For this specific wafer, the detachment has 
been operated through a thermal treatment performed at about 250°C. 





Fig. 7.46. Photographs of thin semi-insulating GaAs {left) and sulfur doped InP {right) 
films transferred onto 3-inch silicon wafers via a Si0 2 layer 




Fig. 7.47. Transfer of a 100 mm GaAs film onto a silicon wafer via Si 3 N 4 /Si0 2 -Si0 2 bond- 
ing 



We have characterized the transfers of GaAs and InP onto silicon wafers ob- 
tained this way by Transmission electron microscopy cross-section observations. 
Figure 7.48 shows XTEM observation of sample of as-transferred 3-inch (100) SI 
GaAs on silicon. Dimensions of the layers are 625 nm for the thin GaAs and 550 
nm for the buried Si0 2 . 

The splitting of the implanted GaAs film occurs following a zigzag path whose 
outlines look like the {111} planes. The splitting carries away some crystals from 
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part of the initially implanted GaAs wafer. This phenomenon can be observed on 
the lighter area (with granular aspect) on the top of the surface. 

In the upper area of the transferred film, some thin and elongated cavities still 
remain. Most of them are ( 1 1 1 )-oriented. They are indicated by arrows. They are 
about 50 nm long and 17 nm thick. All the above-mentioned characteristics show 
that there are more cavities in the {111} planes. This is typical for GaAs material; 
this phenomenon comes from the bipolarity of Ga and As (1 1 1) planes. 




Fig. 7.48. TEM cross-section of (100) semi-insulating GaAs film transferrred onto a silicon 
substrate via Si0 2 -Si0 2 bonding 

The GaAs transferred film shows two parts: 

1. An area without any defect, 250 nm thick, which is located on the top of oxide 
bonding. The dislocation density was estimated. On a surface of about 36 pm 2 , 
no dislocation was observed, which leads to a dislocation density less than 
3xl0 6 cm 2 . 

2. Above the good quality area, we can see a imperfect area whose thickness is 
slightly more important. The defects that were found are residual cavities in 
{111} and (100) planes, and very numerous small precipitates whose diameter 
is smaller than 5 nm. When looking at these precipitates in the high-resolution 
mode, we can see a slight distortion of the {111} planes, but no additional half 
planes, which helps us to identify these defects as being precipitates (probably 
based on hydrogen), and not as being dislocations. 

XTEM observations were also performed in order to characterize the transfer of 
the thin InP film onto the silicon wafer via a Si0 2 -Si0 2 bonding (Fig. 7.49). This 
sample observed by XTEM comes from a transfer of 2-inch S doped (100) InP 
film onto a silicon layer. The InP layer is relatively regular with a roughness of 
about 60 nm. Seldom, can strong roughness be seen, whose dimension can be mul- 
tiplied by ten, in other words 0.5 pm. In the thin area of the XTEM preparation, 
the crystalline defects (dislocations) are located on the top only, on a 0.10 pm 
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thick area. The InP layer transferred is without any defect on a thickness of about 
0.43 pm. 




Fig. 7.49. TEM cross-section of sulfur doped (100) InP film transferred onto a silicon sub- 
strate via a Si0 2 _Si0 2 bonding 

To summarize, these XTEM characterizations indicate that the thin GaAs and 
InP films, obtained by Smart Cut™ via Si0 2 -Si0 2 bonding, have a high crystal- 
line quality on a thickness of a few thousand angstroms. Nevertheless, a high mi- 
croroughness surface and a damaged area in the top half of the transfers (mainly 
for GaAs) were detected. A polishing step can be used for the elimination of this 
disturbed layer. 



Transfer via Conductive Bonding 

New structures, combining the advantages of different materials, are suitable for 
various applications such as power devices, laser diodes or solar cells. Wafer 
bonding techniques can be used to associate these materials. However, in some 
cases a low-resistance electrical contact between the layer and substrate is needed. 
We have demonstrated that the Smart Cut™ process is compatible with direct me- 
tallic bonding [58]. Palladium was used to obtain metallic bonding because it 
readily reacts with Si and III-V semiconductors at low temperatures inferior to 
200°C. As an example, starting from two silicon wafers (one of which is H + - 
implanted) where thin Pd films were deposited on top of each wafer, 
Si fl i m /Pd 2 Si/Si b uik were achieved using annealing, first at 300°C for the formation 
of silicide and then at 500°C for the splitting. The 100 mm transferred Si film, ob- 
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tained in this way shows a good transfer over the whole wafer. Furthermore, this 
metallic bonding with Pd 2 Si enables an ohmic contact to be obtained between two 
bonded silicon wafers as measured by a specific contact resistance less then 10 
mQ cm 2 . 

New structures have been also realized from thin films of GaAs or InP bonded 
to silicon substrates via palladium layers. The process which we used is described 
in Fig. 7.50. First, the GaAs or InP wafer was implanted with H + with a dose in the 
5><10 16 to l><10 17 /cm 2 range at 100 keV through a PECVD Si0 2 sacrificial layer. 
After Si0 2 removal and cleaning to obtain hydrophilic surfaces, the implanted 
III-V wafer and silicon wafer covered with a 50 nm Pd layer were bonded to- 
gether at room temperature. The infrared transmission image of the bonded 
Si-Pd/GaAs wafers shows a good-quality bonding on the lull wafer (Fig. 7.51). 
Bonding was then consolidated at 150°C for 30 minutes and no bonding defect 
appeared. 
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STEP 4 : polishing 



Fig. 7.50. Principle of the process used to transfer thin GaAs or InP film onto Si via a Pal- 
ladium layer 



In the case of H + -implanted GaAs/Pd-coated Si assembly, the silicide and Pd- 
Ga-As alloy formed at the bonding interface are strong enough to result in a split- 
ting of the GaAs wafer at 250°C. XTEM observations (Fig. 7.52) show that the 
thickness of the transferred GaAs film is about 560 nm. The surface microrough- 
ness is due to the splitting. The metallic bonding interface is composed of two lay- 
ers which are probably formed by Pd 4 GaAs (~60 nm thick) and Pd 2 Si (~50 nm 
thick) as previously shown by studies on the Si/Pd system on GaAs [59]. Kirken- 
dall voids are present at the interface of these two metallic layers and cannot be at- 
tributed to bonding defects. 







Si wafer, at room temperature 




Fig. 7.52. TEM cross-section of a (100) semi-insulating GaAs film transferred onto a Pd- 
coated Si substrate 



For InP, the Smart Cut™ process combined with metallic bonding was also 
successfully achieved with 2-inch Sn-doped ( 1 00)-oriented InP wafers. In this 
case, the process used was the same as described above for GaAs and the splitting 
of the InP wafer was chosen to happen at 350°C. The structure obtained (Fig. 
7.53) is composed of a thin InP film (~ 470 nm) and a metallic bonding layer (~ 
90 nm) which exhibits a polycrystalline structure due to the probable formation of 
Pd 2 Si silicide and of a Pd-In-P ternary phase. This ternary phase must be close to 
Pd 5 In 2 P 2 [60]. 
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Fig. 7.53. SEM image of a Sn-doped InP film transferred onto a Pd-coated Si substrate 

Electrical measurements were performed on n + -GaAs/Pd-coated n + -Si assembly 
annealed at 200°C. The results indicated a specific contact resistance less than 
10 mQ cm 2 . They are in conformity with previous studies which have shown that 
metallic bonding with Pd enables a low vertical resistance to be obtained between 
Si and GaAs which are bonded by hydrophilic bonding [61]. 

Structures such as thin films of GaAs or InP on silicon substrates via a Pd 
bonding appear well suited for opto-electronic applications where III-V films 
must be contacted via the substrate. 



7.9.3 Application of lll-V Film Transfer: 

Epitaxial Growth of GaAs and InP Based on Silicon 

Epitaxial GaAs and InP films transferred onto silicon by the Smart Cut™ process 
via a Si0 2 -Si0 2 bonding have been used as a substrate for epitaxial growth. To 
obtain these substrates, we used the Smart Cut™ process described in Fig. 7.54. 
This Smart Cut™ process transfers the epitaxial layers originally grown on the 
GaAs or InP wafer to the silicon wafer. The final step of this process consists in 
removing, by selective chemical etching, the III-V layer originating from initially 
implanted substrate and the etch-stop layer. According to the nature of the thin 
III-V film, GaAs or InP, different etch-stop layers can be used (for example AlAs 
or AlGaAs with GaAs, and InGaAs with InP). 

AlGaAs/InGaAs p-HEMT structures were grown on a 3-inch GaAs-on-Si wa- 
fer. On the other hand, lattice-matched InAlAs/InGaAs layers were also grown on 
a 2-inch InP on Si wafer. The Si0 2 layer between the thin III-V film and the Si 
substrate provides electrical insulation of the active layer from the Si substrate. 
Electrical measurements have been performed on these new structures. These re- 
sults are discussed below. 
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Fig. 7.54. Principle of the Smart-Cut™ process used to transfer an epitaxial GaAs or InP 
film onto Si via a Si0 2 layer 



Epitaxial Growth of HEMT Structures on GaAs/Si 

The PICOGIGA SA. company has used as a substrate for epitaxial growth a 3- 
inch diameter thin GaAs film transferred onto silicon (“GaAs on Si”) according to 
a process described in Fig. 7.54. 3- and 4 inch GaAs on Si wafers have been 
achieved with this technique. 

We describe the growth of HEMT and p-HEMT structures on such composite 
substrates carried out by molecular beam epitaxy (MBE) by PICOGIGA SA. The 
preliminary results of Hall effect measurements are also presented. 

Epitaxial growth has been performed on a VI 00 multiple wafer reactor using 
solid sources. 3 inch GaAs on Si substrates were loaded using standard indium- 
free mounting techniques. A notable difference in behaviour between GaAs on Si 
substrates and standard semi-insulating bulk GaAs wafers for MBE growth was 
the substrate temperature due to the difference of the infrared absorption proper- 
ties between GaAs and silicon. For any given temperature of the substrate manipu- 
lator, the surface temperature of a GaAs on Si wafer was higher than that of a 
GaAs wafer. The deoxidization of the wafers was monitored by RHEED diffrac- 
tion patterns. Two separate growth runs were performed for each structure. A first 
run was performed on the GaAs substrate and the second on the GaAs on Si sub- 
strate. The epitaxial growth temperature was cross calibrated between the succes- 
sive growth runs by optical pyrometry. 







Compound Semiconductor Heterostructures by Smart Cut 



307 



TM 



Two structures have been grown. The first is a standard HEMT structure de- 
signed to demonstrate the high quality of the hetero-interfaces. This is measurable 
in terms of the Hall effect mobility at 77K. The structure grown is composed of a 
GaAs buffer layer prior to an 8 nm Alo^GaAs spacer and a n + Alo^GaAs layer 
with N d = 1.5xl0 18 cm 3 . A thin undoped GaAs cap layer limits oxidation with a 
minimal contribution to the contact resistance. 

The second epitaxial structure, presented on a GaAs on Si wafer (Fig. 7.55) is a 
double heterojunction P-HEMT structure with Si delta-doping planes on either 
side of the InGaAs canal. The upper planar doping is 4.5* 10 12 cm -2 and the lower 
is 1.5xl0 12 cm -2 . The spacers are 55 A thick and the channel is a 140 A Ino.igGaAs 
layer. 

This structure has inherent sensitivity to interfacial quality, particularly at the 
InGaAs layer. Small deviations in material quality are easily observable by degra- 
dation in the Hall mobility and 2-DEG carrier concentration. 

Hall measurements using the Van der Pauw method were performed at 300K 
and 77K. The HEMT on GaAs on Si structure yielded a mobility, at 77K, of 
116 500 cm 2 V _1 s _1 with a sheet carrier density of 6.5xlO n cm -2 . These values are 
typical of results obtained HEMT grown on GaAs substrates (Table 7.2). 
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Fig. 7.55. Epitaxial structure grown on GaAs on Si 

The Hall effect results for the second structure are summarized in Table 7.3. The 
sheet carrier densities on the P-HEMT structures are, within measurement error, 
identical on both wafers at about 2.6xl0 12 cnf 2 . Mobilities of the P-HEMT struc- 
ture grown on GaAs on Si are above 6000 cm 2 V _1 s _1 at 300K and above 15 000 
cm 2 V” 1 s” 1 at 77K. These are lower than those measured on the SI GaAs reference 
wafer, by about 10%. This difference may be attributed to a non optimized growth 
conditions performed on the silicon substrate. 
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Table 7.2.: Hall Measurements on HEMT structures on GaAs on Si 
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Table 7*3* Hall Measurements on P-HEMT structures on GaAs on Si 
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Epitaxial Growth of HEMT Structures on InP/Si 

The epitaxial growth of InAlAs/InGaAs HEMTs structures on a 2-inch InP on Si 
wafer was performed by IEMN (Institut d’Electronique, de Microelectronique et 
Nanotechnologie, Villeneuve d’Ascq, France) using a Riber-32P gas source MBE 
machine. The epitaxial structure on Si obtained is presented in Fig. 7.56. 
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Fig. 7.56. HEMTs structure on “ InP on Si” 

Hall measurements using the Van der Pauw method were also performed at 
300K and 77K. The mobilities and the sheet carrier densities on the HEMT struc- 
tures are also comparable than those measured on the Si-InP reference wafer (see 
Table 7.4). 

We have shown the potential of “GaAs or InP on Si” for the growth of high- 
quality epitaxial layers. These HEMT structures on GaAs or InP on Si exhibit 
electrical characteristics comparable to identical structures grown on conventional 
GaAs or InP substrates. 
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Table 7.4. Hall Measurements on HEMT structures on InP on Si 



300° K 17° K 

Substrate Ns p Ns p 

(cm -2 ) (cmW 1 ) (cm" 2 ) (cmVs" 1 ) 
InP on Si 3.34x10° 8340 3.42* 1 0 13 21 100 

Reference 3.52*1 0 12 8350 3.43 *10 12 21 300 



In order to validate completely these GaAs- or InP-on-Si substrates, further 
work is still necessary. The realization of HEMTs on InP-on-Si substrates is in 
progress. We can hope that good results for the values of the mobilities and the 
sheet carrier densities on the HEMT structures on InP-on-Si will obtained in this 
way. Moreover, encouraging results have been already obtained for HEMTs 
achieved on InP-based films transferred (TS-HEMTs) onto silicon wafer by means 
of Si0 2 -Si0 2 bonding [62]. These TS-HEMTs with gate lengths of 0.12 pm show 
DC and microwave performance comparable to that of lattice-matched HEMT 
(LM-HEMT) on InP. 

GaAs- and InP-on-Si substrates may then represent a promising solution for the 
integration of GaAs- or InP- and Si-based devices. 



7.10 Conclusions 

We have shown that a large range of SICOI structures with different polytypes, 
different handle substrates and different buried dielectrics can be obtained using 
the so-called Smart Cut™ process. When vertical conduction is needed the buried 
dielectrics have been successfully replaced by conductive layers like WSi 2 

By using proper process conditions, both the electrical and physical characteris- 
tics of the upper SiC film have been recovered. 

Successful growth of high-quality CVD SiC epi layers makes the SICOI and 
QUASIC™ substrates an alternative source of epitaxial SiC substrates. Moreover, 
successful growth of GaN also makes the SICOI and QUASIC™ substrates very 
attractive. 

SICOI and QUASIC substrates can be tailored and adapted to each specific 
case. We have presented for example a lateral Schottky diode with a breakdown 
voltage up to 1000V and piezoresistive sensors with sensitivity of -2.4mVV _1 bar _1 
at 24°C. 

We have also shown the possibility of transferring thin monocrystalline GaAs 
and InP films onto silicon substrates using the Smart Cut™ process. The transfers 
of a large area of these III-V materials onto full silicon wafers via a Si0 2 _Si0 2 
bonding were presented and characterized. Direct conductive bonding with palla- 
dium can also be used in the Smart Cut™ process. This may open the way for new 
developments in opto-electronics applications. 
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And finally, GaAs or InP on Si wafers obtained by Smart Cut™ can be used as 
substrates for the epitaxial growth of microwave devices such as HEMT struc- 
tures. 
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8 Three-Dimensional Photonic Bandgap Crystals 
by Wafer Bonding Approach 



S. Noda 



8.1 Introduction 



Much interest has been drawn to photonic crystals [1-3] in which the refractive 
index changes periodically. A photonic band gap is formed in the crystals, and the 
propagation of electromagnetic waves is prohibited for all wave vectors. Various 
important scientific and engineering applications such as control of spontaneous 
emission, zero-threshold lasing, very sharp bending of light, trapping of photons, 
and so on, are expected to be realized by utilizing the photonic bandgap and the 
artificially introduced defect and/or light-emitters. To develop these potential ap- 
plications of photonic crystals as much as possible, the satisfaction of the follow- 
ing requirements is considered one of the most important issues: (i) a three- 
dimensional (3D) photonic crystal with a complete photonic bandgap should be 
constructed in the optical wavelength region, (ii) introduction of artificial defects 
into the crystal should be possible at an arbitrary position, (iii) introduction of an 
efficient light-emitting element also should be possible, and (iv) the electronically 
conductive crystal is preferable for actual device applications. Although various 
important approaches such as a self-assembled colloidal crystal [4], a GaAs based 
three-axis dry-etching crystal [5], and a silicon based layer-by-layer crystal [6, 7] 
have been proposed and developed to construct the 3D photonic crystals, it is con- 
sidered difficult for these methods to satisfy the above requirements simultane- 
ously. For example, in the case of a photonic crystal based on silicon with indirect 
band gap, it is difficult to apply it to an active photonic device. 

Thus far, we have proposed and demonstrated a new realization method for a 
complete 3D photonic crystal by stacking III-V semiconductors with a wafer- 
bonding and a very precise alignment technique [8-1 1]. In this method, the crystal 
is constructed with III-V semiconductors (GaAs, InP, and so on) which are widely 
utilized for optoelectronic devices, and thus the above requirement (iii) is satis- 
fied. In addition, since the wafer-bonding technique enables us to construct an ar- 
bitrary structure and to form an electronically active interface, the above require- 
ments (i)-(iv) will be satisfied. Thus, once the 3D photonic crystal is realized 
according to our proposed method, it will open a door for various applications in- 
cluding an active quantum device. In this chapter, we describe in detail and com- 
prehensively the realization method and optical properties of the 3D photonic 
crystals developed for infrared to near-infrared wavelengths by using a wafer- 
bonding approach. 
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8.2 Fabrication and Optical Properties of 3D Photonic 
Crystals at Infrared to Near-Infrared Wavelengths 



8.2.1 Fabrication Method of 3D Photonic Crystals by Wafer Bonding 
and Alignment 



Figure 8.1 shows the schematic drawing to show the fabrication process of the 3D 
photonic crystal by utilizing a wafer-bonding and alignment technique. The mate- 
rial system employed in this work is a III-V semiconductor system such as GaAs 
and InP. 



^ GaAs (or InP) 

“ AlGaAs (or InGaAsP) 
^ GaAs (or InP) sub. 

(a) 





to 





(O 



Fig. 8.1. Schematic drawing to show the proposed fabrication procedure of the 3D photonic 
crystal by utilizing a wafer- fusion and alignment technique 

First of all, an AlGaAs (or InGaAsP) etching stop and a GaAs (or InP) photonic 
crystal layers are grown on a GaAs (or InP) substrate as shown in Fig. 8.1a. Then, 
a stripe pattern is formed on the photonic crystal layer as shown in Fig. 8.1b, 
where the period, the width, and the thickness of the stripe pattern are determined 
by the photonic band gap wavelength. A pair of the striped wafers is stacked with 
a crossed configuration and wafer-bonded in a H 2 atmosphere as shown in 
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Fig. 8.1c. One of the substrates and the etching stop layers are selectively and se- 
quentially etched off by a wet-chemical etching as shown in Fig. 8. Id. Then the 
wafer is cleaved into two pieces, and the processes (c) and (d) are repeated. Fig. 
8.1e illustrates a crystal structure with four-stacked layers constructed like this. 
When the processes (c) and (d) are repeated again, a crystal structure with eight- 
stacked layers can be formed. 





Fig. 8.2. First Brill ouin zone and the calculated band diagram of the photonic crystal devel- 
oped in this work 
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Fig. 8.3. (a) Schematic drawing to show the principle of the alignment by utilizing the laser 
beam diffraction pattern observation technique, where the stripe period of each stripe is as- 
sumed to be 4 pm. (b) Calculated intensities of the ±lst-order diffraction spots as a function 
of the relative position between two parallel stripes 
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The constructed crystal structure is an asymmetric face-centered cubic (a-fcc) 
structure. Figure 8.2 shows the first Brillouin zone and the calculated band dia- 
gram of the structure [12]. The calculation was carried out with a plane wave ex- 
pansion method, where the following parameters are assumed: the refractive index 
of the semiconductor is 3.2, the filling fraction of the semiconductor to the air is 
0.25, and the ratio of thickness to period of each stripe is 0.3. As can be seen from 
the figure, the structure has a complete photonic band gap for all wave vectors. 

The most important point in the construction of the photonic crystal according 
to Fig. 8.1 is a precise alignment between the first and third stripes (and between 
the second and fourth stripes) at step (e), where individual stripes should be 
shifted by a half period to construct the a-fcc structure. For this purpose, we have 
developed an alignment method [8, 13] by utilizing a laser beam diffraction pat- 
tern observation technique as follows. The individual stripe layer works as a dif- 
fraction grating, and a laser beam incident on the diffraction grating is diffracted 
as shown in Fig. 8.3a. When the relative position between two parallel stripes 
changes, the intensities of the higher-order diffraction spots also change. The re- 
sult of the theoretical calculation is shown in Fig. 8.3b, where the ±lst-order dif- 
fraction spots become minimal when the relative position between the parallel 
stripes is shifted by just half a period. By utilizing this phenomenon, we can 
achieve a very precise alignment [11, 13]. 



8.2.2 3D Photonic Crystals at Infrared Wavelengths 



The photonic crystals at infrared (5-10 pm) wavelengths were created by using 
GaAs according to Fig. 8.1, where the structure with four-stacked layers (one-unit 
structure) was constructed. 




► 

4pm 



Fig. 8.4. Top view of the crystal with four- stacked layers, where the stripe period, width, 
and depth are 4 pm, 1 pm, and 1 .2 pm, respectively 
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Figure 8.4 shows the top view of the crystal with four-stacked layers, where the 
stripe period, width, and depth are 4 jum, 1 jam, and 1 .2 jam, respectively. It is seen 
that the individual stripe layers are excellently well-positioned. The transmission 
spectrum of the crystal was measured with a system composed of a Globar lamp, a 
monochromator, and an HgCdTe detector. The measurement result is shown in 
Fig. 8.5, where the light is incident normally on the sample surface (<001 > direc- 
tion). A clear transmittance dip is seen in the 5.5-9 pm wavelength region, which 
indicates the formation of a band gap in the 3D photonic crystal. The magnitude of 
the maximum attenuation is as large as ~15 dB for one-unit structure. Figure 8.5 
also shows the theoretical result calculated by transfer matrix theory [14, 15]. A 
relatively good agreement is seen between the experimental and theoretical re- 
sults, and it indicates that the fabricated structure works well as a photonic crystal. 



■ EXPERIMENT 

— THEORY 




Fig. 8.5. Transmission spectrum of the crystal with four-stacked layers (one-unit), where 
the light is incident normally on the sample surface (<001 > direction). The theoretical result 
by transfer matrix theory is also plotted as the dotted line in the figure. Relatively good 
agreement is seen between the experimental and theoretical results 

Then, a photonic crystal with a two-unit (eight-stacked-layers) structure was 
constructed by stacking a pair of one-unit photonic crystals as shown in Fig. 8.6a. 
The infrared transmission image of the crystal is shown in Fig. 8.6b, where it is 
seen that the individual layers are well positioned. The transmission spectrum of 
the crystal is shown in Fig. 8.7, where the result of the one unit (four-stacked lay- 
ers) crystal is also shown for reference. As can be seen in the figure, an attenua- 
tion as large as 30 dB, which is twice that of the one-unit crystal, has been suc- 
cessfully achieved. The 30 dB attenuation corresponds to 99.9% reflection and is 
considered to be high enough for strong photon localization with the band gap. It 
is also noteworthy that the band-edges become very clear and sharp in case of an 
eight-stacked structure. 
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Fig. 8.6. (a) Schematic drawing to show the construction method of a photonic crystal with 
eight-stacked layers (two-unit) by stacking a pair of one-unit crystals, (b) Infrared transmis- 
sion image of the crystal thus constructed 




Fig. 8.7. Transmission spectrum of the photonic crystal with eight-stacked layers. For com- 
parison, the result for the crystal with four-stacked layers is also shown 

The angular dependence of the transmission spectrum was also investigated. 
The sample was rotated as shown in Fig. 8.6b to let the incident direction change 
from the <00 1> direction toward the <11 0> direction, which corresponds to the 
change in the Brillouin Zone from T-X’ toward T-K (see Fig. 8.2). The experimen- 
tal results are shown in Fig. 8.8. An attenuation of more than 20 dB (99%) is 
clearly seen at around 6.5-9 pm for various incident angles. 
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Fig. 8.8. Angular dependence of the transmission spectrum of the photonic crystal with 
eight-stacked layers. The sample was rotated as shown in Fig. 8.6b 

The result is consistent with the theoretical band diagram (Fig. 8.2), which in- 
dicates that the crystal has a complete photonic band gap. It is also seen that a dip 
appears at the band edge of the longer wavelength side (~9.2 pm) when the inci- 
dent angle increases. This shows that the degenerate first and second bands at the 
r-X* point split when the incident angle increases and the incident light direction 
changes from F-X’ to T-K. These results indicate that the two-unit crystal offers 
good performance as a photonic band gap material. 



8.2.3 3D Photonic Crystals at Near-Infrared Wavelengths 

Encouraged by the above excellent results in the infrared wavelength range, we 
next constructed the photonic crystal for near-infrared wavelengths (1-2 pm). The 
important issue in this case is that the lattice constant of the crystal should be re- 
duced to as small as 1/5- 1/6 of that of the photonic crystal in the infrared wave- 
length region. Figure 8.9 shows the top view of the two-stacked layers. In the fig- 
ure, the center square part corresponds to a photonic crystal area, and as is seen in 
the expanded view, the submicron-order stripes are well stacked. The area with 
relatively large stripe period, which surrounds the photonic crystal area, is used as 
an alignment area for the following reason: When we use the photonic crystal area 
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itself for the alignment by the laser beam diffraction pattern observation tech- 
nique, the diffracted laser beam cannot pass through it since the diffraction angle 
becomes too large. To avoid this situation, alignment stripes with an odd-multiple 
period of that of the stripes of the photonic crystal area were prepared. 




Jp.m 



Fig. 8.9. Top view of the two-stacked layers with sub-micron stripe period. The center 
square part corresponds to a photonic crystal area, and as is seen in the expanded view, 
submicron-order stripes are well stacked. The area with a relatively large stripe period, 
which surrounds the photonic crystal area, is utilized as the alignment area 
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Fig. 8.10. (a) Diffraction spots after the alignment is accomplished, where the intensities of 
±lst-order spots are found to become minimal, (b) Resultant cross-sectional view of the 
aligned parallel stripes 

Figure 8.10a shows the diffraction spots after the alignment is accomplished, 
where the intensities of ±lst-order spots are found to become minimal, and Fig. 
8.10b shows the resultant cross sectional view of the aligned parallel stripes. It is 
seen that excellent alignment has been realized between two parallel stripes. 

The accuracy was estimated to be within 50 nm, and in this case, the band gap 
width can be theoretically estimated to be as large as 100 meV [12, 15], which is 
large enough for the control of spontaneous emission from a light emitter whose 
spectral width is almost determined by the room temperature energy. 
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Fig. 8.11. SEM image of 3D photonic crystal fabricated with advanced processing tech- 
niques. 




WAVELENGTH (fim) 

Fig. 8.12. Transmission and reflectance spectra of the 3D photonic crystal shown in Fig. 
8.13 [11] 

Based on the above results, a photonic crystal with four-stacked layers was con- 
structed as shown in Fig. 8.1 1 [1 1]. For the sample, clear attenuation has been ob- 
served in the 1-1.5 fim wavelength region, and the maximum attenuation is 
-23 dB, as shown in Fig. 8.12. The result is consistent with the theoretical calcula- 
tion by using the transfer matrix method where the alignment accuracy is taken 
into account. These facts clearly show that III-V semiconductor based photonic 
crystals become feasable in the optical wavelength region. 
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NANO-AMPERE 
LASER ARRAY 



Fig. 8.13. Example of a future very compact quantum optical circuit, where nano-ampere 
laser arrays with different oscillation frequencies, an optical modulator, wavelength selec- 
tors, and very sharp bend waveguides are integrated in a very small area only by introduc- 
ing appropriate artificial defects inside the crystal. Note that a part of the figure (for exam- 
ple, the bent waveguides) is not accurately drawn since the figure is designed mainly to 
show the concept 



8.3 Summary 

Semiconductor three-dimensional photonic crystals have been successfully devel- 
oped by wafer fusion and alignment in the infrared and near-infrared wavelength 
regions. It has been shown that the crystals fabricated by this method have a com- 
plete band gap and the introduction of defects states and/or light emitting elements 
should be possible. 

Our success should open a door for various applications to quantum optics and 
devices. Figure 8.13 indicates an example of a future very compact quantum opti- 
cal circuit, where nano-ampere laser arrays with different oscillation frequencies, 
an optical modulator, wavelength selectors, and very sharp bent waveguides are 
integrated in a very small area only by introducing appropriate artificial defects in- 
side the crystal. Some of the elements have been already incorporated in the 3D 
crystals and some of the results have been published in references [11, 16-18]. 

The success in 3D photonic crystals has also produced a remarkable progress 
in 2D photonic crystals. For example, a large-area coherent lasing action in a 2D 
photonic crystal laser has been successfully achieved by integrating active element 
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and a 2D photonic crystal structure with triangular and/or square lattices. The de- 
tails are shown in references [19, 20]. 
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9 Wafer Direct Bonding for High-Brightness 
Light-Emitting Diodes and Vertical-Cavity 
Surface-Emitting Lasers 

A. Plofil 



9.1 High-brightness Light-Emitting Diodes 

Light-emitting diodes (LEDs) are semiconductor devices that convert electrical 
energy into optical radiation by electroluminescence. Although semiconductor 
electroluminescence was described almost a century ago [1], only in the 1960s did 
it start to be investigated thoroughly and industrially manufactured LEDs become 
available. For most of the time, their use was confined to indicator lamps in 
electronic consumer appliances. When in the 1990s the organo-metallic growth 
[2,3] of high-quality AlGalnP and GalnN layers became viable, this materials 
science breakthrough opened up a whole range of new applications for the LED. 
With the advent of these high-brightness LEDs the entire visible emission 
spectrum is being covered: AlGalnP ranging from red to yellow, GalnN from 
green to violet. Hence white light can be generated, be it through a combination of 
red green and blue LEDs or through the partial conversion of blue or violet light 
by combination with a phosphor, and this gives LEDs access to the emerging field 
of semiconductor illumination and lighting. 

One large market for LEDs is the application in automotives, be it interior or 
exterior. There, LEDs are used to backlight buttons, dashpanels, indicator lamps 
and liquid crystal displays (LCDs) of radios, navigation systems or air 
conditioning controls. Low-power consumption, the flat design of surface mount 
LED packages suitable for low-cost automated assembly and, of course, their long 
lifetime are the practical advantages of LED use. In the exterior lighting of cars, 
the quick response time compared to incandescent bulbs adds a potential safety 
benefit. Therefore, the first exterior application was in the third stop light (center 
high-mounted stop light). Meanwhile, the first cars are being equipped with LEDs 
for all the rear lights as well as the indicators; and the first show cars have been 
provided with powerful LED headlamps. 

Another interesting volume application is the backlighting of LCDs in cellular 
phones and many other handheld electronic appliances. The key to such 
applications is high overall efficiency for extending the battery time and the 
availability of the LEDs housed in very small packages. Another aspect is the use 
of phosphors for the creation of impure colors matching brand colors or permitting 
fashionable design. 
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Finally, general lighting promises white LEDs a huge market in the future. To 
this end, further improvements in efficiency and reduction in manufacturing costs 
are necessary. Especially when relying on blue or UV LEDs for the creation of 
white light via phosphors, only with some improvement in phosphors can one 
obtain a high-quality color rendering so that colored bodies illuminated by LED 
light appear as in broad daylight. By using several LEDs of different emission 
color for the creation of white light one would gain control over the apparent color 
temperature. One could imagine choosing the living room illumination according 
to one’s mood. More in-depth information on LEDs can be found in a number of 
reviews and books, for instance [2-5]. 

The improvements in materials growth, chip design and packaging have 
strongly enhanced the reliability and performance. In certain wavelength ranges, 
overall of more than 50% have been demonstrated, and efficiencies of more than 
20% efficiency are realized in commercial high-volume products. The quantum 
efficiency for the conversion of electrical power into light in those cases can be 
close to 100%. When the optimization of the material system has reached this 
limit, the main task left is to extract the generated light out of the semiconductor 
before it is being consumed by internal loss mechanisms. This is where wafer 
direct bonding enters the LED fabrication process. 

After the introductory remarks above, this chapter will briefly illustrate the 
problem of light extraction before discussing some solutions based on wafer direct 
bonding. As wafer direct bonding in the strict sense of utilizing the phenomenon of 
adhesion between mirror-polished smooth and flat surfaces may not be practical in 
some circumstances, wafer-scale bonding approaches with less stringent 
requirements on the mating surfaces will also be discussed. The chapter confines 
itself with LEDs which by definition emit in the visible range of the spectrum, but 
the main points apply to infrared emitting diodes (IREDs) as well. The area of 
organic light- emitting diodes (OLEDs) is excluded although direct bonding may 
offer solutions to some topical problems in this emerging field, too. The chapter 
will conclude with a brief survey of direct bonding for vertical-cavity surface- 
emitting lasers (VCSELs). 



9.1-1 Light Extraction 

Typically, LED chips are made in the shape of a right parallelepiped, with a side 
length of some 0.2-0. 3 mm and a height of about 0.2 mm. Often, the active layers 
are deposited on an electrically conductive substrate. One electrode, typically the 
p-contact, is placed in the center of the top surface of the epitaxial structure, and 
the other electrode, typically the n-contact, covers the bottom surface of the 
substrate (Fig. 9.1). In the simplest case, the active region comprises a 
homostructure pn-junction; more advanced devices rely upon single- or double- 
heterostructure designs. Typically, the thickness of the epitaxial layers is in the 
order of 1-10 pm. 
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Fig. 9.1. Schematic drawing of a conventional LED on an electrically conductive epitaxial 
substrate. The die has a p-type top contact for wire bonding and an n-type bottom contact 
for the adhesive die attach. Typical dimensions are shown on the bottom image in mm and 
inches. (Courtesy of OSRAM Opto Semiconductors GmbH) 



In state-of-the-art materials, electrical current can be converted to light with 
efficiencies approaching 100%. Nevertheless, in the standard configuration, only a 
few percent of the generated photons escape the semiconductor. This is caused by 
the high indices of refraction, n, of the semiconductor layers vis-a-vis the small 
values for their surrounding media, either air (n = 1) or resin encapsulant (n = 1.5). 
Typical values for arsenide or phosphide III-V compound semiconductors lie 
between 3 and 3.5, and for the nitride semiconductors around 2 to 2.5. The 
consequential large difference in index of refraction makes the semiconductor/air 
or semiconductor/encapsulant-mould interface a highly efficient mirror. Total 
internal reflection confines all light out with a certain critical angle, $ c to the 
semiconductor. Figure 9.2 illustrates the situation in a two-dimensional sketch. 
Snell's law gives for the critical angle, $ c : 

Yl 

$ c - arcsin — — , / Q i x 

n s V- 1 ) 

where n m and n s denoting the refractive index of the surrounding medium and of 
the semiconductor, respectively; following common practice, the angles are all 
measured with respect to the surface normal. For example, GaP has a refractive 
index of 3.3-3 .4 in the red-to-yellow region of the spectrum [6]. With air as the 
surrounding medium, the critical angle then lies around 17-18°, whereas in epoxy 
resin the critical angle increases to 26-27°, depending on the wavelength 
concerned. 
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Fig. 9.2. Total internal reflection at the semiconductor/surrounding medium interface 

All light rays incident at angles larger than the critical angle are reflected back 
into the semiconductor. Those reflected photons may be absorbed by the active 
layer; upon re-emission, because of the isotropy of the electroluminescent process, 
the photon has another chance to hit the surface at a subcritical angle. Effectively, 
the adsorption and re-emission thus randomizes the angles of incidence. Only in 
the ideal case of 1 00% efficiency could this photon recycling process in the active 
layer and its concomitant randomization be used to overcome the total reflection 
trap. However, non-radiative recombination and absorption at contacts or losses at 
other absorbing layers severely limit the efficiency of this solution. 

When considering the three-dimensional case, the critical angle defines a cone, 
the so-called ’’escape cone”. Only light rays falling inside such an escape cone 
have a chance to leave the semiconductor. The fraction of light rays falling into 
one such cone is given by the spherical angle, Q: 



Q = j-(l-costf c ). 



(9.2) 



In addition to total internal reflection, Fresnel reflection needs to be taken into 
account depending on which part of the light incident normal to the surface is 
reflected. The Fresnel reflection for normal incidence, RFresneh is given by 



R 



Fresnel 



r n m -nF 2 



\ n m +n sj 



(9.3) 



The total extraction efficiency of such a cone becomes 

Rfresnel = « ‘ d ~ * Fresnel ) = (^-~ COS # c 

n s+ n m 



(9.4) 



In keeping with our example of GaP and n = 3.3, a single cone extracts only some 
2% of the light emitted into air, and some 5% into the epoxy encapsulant. Optical 
coatings can diminish the Fresnel reflection losses. Depending on the photon 
recycling mentioned above, higher fractions of light generated may actually be 
extracted. 
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Fig. 9.3. Light extraction cones. Left : only top surface cone; thick transparent layer on 
absorbing substrate with one top emitting cone and four half-cones for side emission; right : 
transparent substrate LED with top, bottom emission cones and four side cones [14] 



Concentrating solely on light extraction, in principle a transparent die could 
support six escape cones, whereas an absorbing substrate LED, because absorption 
consumes the bottom cone and half of each of the four side cones, effectively 
supports three escape cones (Fig. 9.3). The minimum thickness of the transparent 
layers (of matching refractive index) can be simply deduced when one considers 
the extraction of light rays emitted in the center. 

The thickness of this so-called “window layer“ should permit all light rays 
within the respective escape cones to leave the chip; its minimum thickness, d , for 
a given chip side length, /, is then 



d = 



— tan#, 
2 



(9.5) 



In our example, GaP with n = 3.3 and an epoxy-encapsulated (n = 1.5) LED 
chip of 250 pm side length are required above and below the active layer windows 
of ca. 64 pm thickness each. Neglecting again the opposing effects of photon 
recycling and internal loss mechanisms, 28% of the generated light could be 
extracted using two window layers, and 14% for one window layer only and an 
absorbing substrate. 

Manufacturing, packaging and cost issues aside, in the case of transparent 
substrates with an index of reflection close to that of the LED structure, the 
straightforward remedy would be to abandon the rectangular chip geometry and 
fashion the chip into more suitable geometrical shapes. With the active area 
concentrated in the core of a transparent sphere, the total internal reflection 
obviously losses any influence. Carr [7] compared the merits of several geometries 
of more practical importance like inverted frustra and hemispherical domes (Fig. 
9.4). GalnN epitaxy on silicon carbide produces essentially transparent substrate 
LEDs, and with advances in the sawing process such chip-shaping became feasible 
in mass-production. 
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Fig. 9.4. Various geometries for improved light extraction [7]: (a) hemisphere; (b) 
paraboloid; (c) Weierstrass sphere; (d) ellipsoid; (e) frustum 




(a) (b) 



Fig. 9.5. Aton-chip: (a) schematic drawing illustrating the effect of the inclined chip facets; 
(b) photograph of chip. (Courtesy of OS RAM Opto Semiconductors GmbH) 

Figure 9.5 shows a blue-emitting ATON chip developed at OSRAM. In the 
AlGalnP systems, wafer direct bonding, as will be seen below, was instrumental in 
meeting the preconditions to put those considerations into practice in mass 
production. 
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9.2 Transparent-Substrate AIGalnP LEDs 

When the epitaxial structures yielding the highest internal efficiencies are to be 
fashioned into chips with the highest external efficiencies, the traditional 
processing sequence of growing the epitaxial layers, providing electrical contacts 
and dicing must in many cases be abandoned in order to meet the preconditions for 
optimum internal and external efficiency sequentially. The most prominent 
example here are transparent-substrate AIGalnP LEDs radiating in the red and 
orange part of the visible spectrum. In the quaternary III-V phosphide material 
system AIGalnP, LED structures can be deposited through organo-metallic vapor 
phase epitaxy whose internal efficiency considerably surpasses that of traditional 
GaP-based transparent-substrate structures. The epitaxial growth of the AIGalnP 
layers, however, requires a lattice template with a lattice constant of about 5.6 A. 
Of the substrates available in sufficient size and crystal quality, only GaAs (and 
Ge) meet this precondition. As both have a bandgap below that required for the 
visible spectrum, no transparent AIGalnP LEDs can be deposited in a 
straightforward manner. Without additional measures the internal efficiencies 
gained with AIGalnP should be partially set off by the losses in light extraction 
efficiency suffered when changing from the GaP-based transparent-substrate 
technology to absorbing-substrate AIGalnP LEDs. 

The growth of AIGalnP layers with the large thickness required for an effective 
top window (see above) is impractical, but with AlGaAs or GaP suitable 
alternatives are available. However, achieving the required thickness still may be 
uneconomic. Because of the large distance to the active layers the lattice mismatch 
between GaP and AIGalnP is of minor importance and the resulting dislocations 
do not act as non-radiative recombination paths. Improved current spreading is an 
additional benefit of this approach. Even when allowing for the extra light 
extraction gained through placing epitaxial distributed Bragg reflectors between 
the absorbing growth substrate and the active layer, as in conventional technology 
transparent LEDs provide the highest light extraction efficiency, the replacement 
of the absorbing growth substrate through a transparent layer could substantially 
improve the performance of AIGalnP LEDs with a GaP window. First, one sought 
to achieve this gain solely by means of epitaxy. Neither the removal of the GaAs 
growth substrate after the deposition of a GaP front window nor sandwiching a 
lattice-matching AlGaAs bottom window layer between the GaAs growth substrate 
and the AIGalnP layers and the final removal of the growth substrate proved 
practical. Inspired by a report of Liau and Mull on compound semiconductor direct 
bonding [61], one resorted to this joining technique for decoupling the 
requirements for epitaxy from those for light extraction with the aim of producing 
a LED with an optically transparent and electrically conductive substrate. 
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9.2.1 Concepts for Transparent Substrates by Direct Bonding 

Several preconditions need be fulfilled for the success of any solution based on 
wafer direct bonding. These are the follows. 

• First of all, suitable transparent substrates must exist, obviously with a 

matching index of refraction. Wafers of the material should be available of 
a suitable quality, commensurate in size with the III-V epitaxial processes 
installed, compatible with the other LED processes, and at a reasonable 
cost. 

• The material should be electrically conductive. In principle, insulating 

materials permit an equivalent light extraction. However, as a second 
electrode then needs to be placed on the front surface, a significantly larger 
fraction of the area is shadowed by the contacts. As the common bond pads 
in LED technology measure about 0.1 mm in diameter, for the typical LED 
sizes of 0.2-0. 3 mm side length, one bond pad covers roughly a tenth of the 
top surface. With the aid of flip-chip technology, however, this drawback 
could be marginalized. 

• The material should exhibit at least moderate thermal conductivity to permit 

extraction of heat. In spite of the high extraction efficiencies attainable with 
these transparent substrate LEDs, the areal power loss was measured to be 
in the order of 100 W/cnf 2 , a value comparable to power semiconductor 
devices. 

• The thermal expansion between the epilayers and the transparent substrate 

should match. The difference in thermal expansion needs to be the smaller 
the higher the process temperatures are for bonding, contact annealing, or 
epitaxial growth. 

• The substrate needs to be removable with high selectivity from the epilayers. 

• A homogeneous ohmic electrical contact at the bonding interface with as 

little resistance as possible is of major importance for overall device 
performance. 

• The adhesion must be mechanically robust enough to withstand processing 

and the mechanical forces tearing at the chip during thermal cycling of the 
packaged device. Direct bonding without strong chemical bonds, e.g. based 
on van der Waals or hydrogen bonding, does not need be considered here. 



SiC, ZnSe, ZnS, or conductive oxides are among the conducting alternatives 
discussed; as examples of transparent albeit insulating substrates sapphire, glass, 
Ti0 2 , or MgO were considered. In the case of the AlGalnP LEDs, GaP turned out 
to be the material of choice, and so far only GaP has gained industrial importance. 
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Three different strategies have been proposed which differ in the sequence of 
epitaxy and bonding but which all rely on the ability to join materials irrespective 
of their crystallographic properties (Fig. 9.6): 

1 . After deposition of the epitaxial LED structure onto GaAs the window is added 
by direct bonding of an alternative transparent and conductive substrate; 
removal of the GaAs growth substrate leaves a wafer-bonded transparent LED 
wafer. The bonding interface lies at the top surface of the epitaxial layers. 

2. First the epitaxial LED structure is deposited onto GaAs. Then the growth 
substrate is removed and replaced through direct bonding with an alternative 
transparent and conductive substrate. Here the bottom of the epitaxial layers 
forms the bonding interface. This approach has been suggested by Kish et al. 
[8-9]. 

3. A thin transparent epitaxial layer is deposited onto a GaAs substrate. This layer 
is then transferred onto an alternative transparent and conducting substrate by 
direct bonding. Removal of the GaAs substrate leaves a transparent artificial 
substrate with a template layer suitable for the subsequent deposition of the 
optoelectronic layers including a second window layer [10-11]. 




Hydride vapour- 
phase epitaxy 




Remove GaAs 




Fig. 9.6. Process sequences for obtaining transparent substrate LEDs. In sequences 1 and 3 
the bond interface is formed with the epitaxy top surfaces; in sequence 2 it is formed with 
the epitaxy bottom surface (i.e. top surface of blank growth substrate) 
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The first scheme is particularly appealing. Only comparatively thin epitaxial 
layers need to be deposited, as the time-consuming and expensive growth process 
for the window layer is not required. The reduction in the thermal budget also 
means less risk of a redistribution of dopants. When relying on conventional 
epitaxy and packaging, the bonding of the surrogate substrate onto the top surface 
of the epilayers reverses the polarity of the device from the usual “p-up” to “n-up”; 
otherwise the conductive glue used for die attach may short-circuit the pn-j unction. 
However, when one accepts the necessary modifications in the lead-frame outline, 
the “n-up”-configuration surely is no blocking point. Alternatively, a reversal of 
the usual epitaxial sequence is also viable and was adopted by Sheu et al. [12]. A 
graver impediment are the changes in surface morphology during epitaxial growth: 
the roughness evolved during several micrometers of layer growth is not conducive 
for large area direct bonding. In spite of the promise of this scheme, this latter 
difficulty precludes its application in the mass production of LEDs. 

The second approach aims at circumventing this blocking point by exploiting 
the surface quality of the epi-ready GaAs substrates replicated at the bottom of the 
epitaxial layers. After etching away the GaAs substrate, the residual layer needs to 
be sufficiently sturdy to permit the subsequent bonding process. To obtain the 
required thickness in an economically viable manner, the growth process was 
divided into the organo-metallic vapor phase epitaxy process for depositing the 
AlGalnP layers and the faster hydride vapor phase epitaxy process for putting 
down 50 pm thick GaP window layer. The mismatch in thermal expansion may 
entail severe bowing or warpage of the free-standing epitaxial film, and the 
process used for direct bonding must allow for this. 

The third approach requires only the growth of a thin transparent epitaxial layer. 
Therefore, epitaxial-growth-induced degradation in the surface quality represents 
no such impediment as in strategy 1 decribed above. No thin and fragile layers 
need to be handled, and the growth of layers with bulk-like thickness is obviated. 
Furthermore, in combination with ion-implantation induced layer splitting [13], 
similar in spirit to the so-called smart-cut in the manufacturing of silicon-on- 
insulator substrates discussed elsewhere in this book, the GaAs substrate may be 
salvaged. The fabrication of such artificial transparent substitutes for “epi-ready” 
GaAs substrates could be sourced out to wafer suppliers as no disclosure would be 
required of core know-how in the deposition of the optoelectronic structures. 

The requirements for the substrate removal process differ significantly between 
the three schemes: schemes 2 and 3 require excellent surface quality for all the 
subsequent direct bonding or epitaxy. In scheme 1, roughness generated during 
removal of the growth substrate can actually increase the light extraction. 

Hitherto only the approach 2 of Hewlett-Packard has gained industrial 
relevance. Transparent substrate LEDs based on this concept are fabricated and 
marketed by LumiLeds Lighting, a joint venture between the former Hewlett- 
Packard part, Agilent Technologies, and Philips. Figure 9.7 contrasts LEDs on 
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absorbing and transparent substrates [14]. The transparent-substrate LEDs made 
through direct bonding achieve record levels of light extraction. At a peak wave 
length of 632 nm, a maximum external quantum efficiency of 32.0% was reported, 
whereas the maximum luminous efficiency of 73.7 lm/W was observed at a shorter 
peak wavelength, A p ,of 615 nm [15]. Proper shaping of the LED chip, as indicated 
above, further enhances the extraction efficiency of the direct-bonding LEDs. With 
102 lm/W at Ap = 610 nm and 68 lm/W at Ap = 598 for luminous efficiently and 
55% at A p = 650 for external efficiency, the highest reported efficiencies for 
AlGalnP LEDs were obtained with direct-bonded transparent-substrate chips sawn 
in the shape of an inverted pyramidal frustum (Fig. 9.8) [16]. 




Fig. 9.7. Comparison of radiating LEDs on (a) absorbing and (b) transparent substrates 
[14] 





Fig. 9.8. Geometry of the truncated-inverted-pyramid (TIP) LED: (a) photomicrograph of a 
TIP LED under forward bias; (b) schematic cross-section showing the means by which 
photons are redirected by total internal reflection [ 1 6] 
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9.2.2 Bonding Conditions 

On a laboratory scale, the bonding of the III-V compound semiconductors 
frequently follows the procedure reported by Liau and Mull in 1990 [61]. They 
carried out the annealing step in a graphite assembly which fits closely into a 
cylindrical quartz container (Fig. 9.9). Upon heating, the different thermal 
expansion coefficients of graphite and quartz cause the wafers to be pressed 
together. A drawback of this assembly is the difficulty of ascertaining the actual 
pressure applied during bonding, making it virtually impossible to reproduce the 
bonding conditions. Although in general III-V bonding the application of uniaxial 
pressure is not necessary, as, for instance, the bonding experiments of Akatsu et al. 
demonstrated [17], in the case of the relevant LED structures the application of 
uniaxial pressure is generally recommended [9,12,14]. Watanabe et al mention 
weights of 10 g/cm 2 , 100 g/cm 2 , and recommend a pressure up to 10 kg/cm 2 [18]. 




GRAPHITE PLUG 



QUART/ CONTAINER 



WAFER 1 
WAFER 2 
GRAPHITE SHIM 



GRAPHITE CONTAINER 



Fig. 9.9. Schematic drawing of a wafer fusion reactor for the bonding of a III-V compound 
semiconductor. Due to the different thermal expansion of graphite and quartz the wafers are 
pressed together [61] 



A wide range of bonding temperatures has been tested in the context of 
AlGalnP LEDs. For the AlGalnP/GaP bonding, Sheu and colleagues [12,19] tried 
650, 680, 700 and 750°C for 30 min, but obtained the best electrical results only at 
750°C. In their study on the electrical properties of bonded interfaces, Kish et al. 
used 750°C and 1000°C [20], while Watanabe et al. mention a range of 300- 
900°C and exemplify 500°C for 4 h and 650°C for 2 h. In addition, auxiliary laser 
irradiation has been mentioned [18]. 

The bonding atmosphere is given as hydrogen [18-19] or nitrogen [12], but 
gases like arsine or phosphine to counter the group V volatility, or vacuum are also 
mentioned. Ventilation grooves in one of the bonding surfaces may be helpful in 
making the gas atmosphere effective [18,21]. 
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Meticulous cleaning to obtain surfaces free of particles and contaminants is 
generally required for direct bonding, but the appropriate solutions depend 
strongly on the materials concerned. While for silicon direct bonding a broad 
range of cleaning methods has been described, there is much less information 
available on the cleaning sequences pertinent to LEDs. In [12] three different 
cleaning sequences were tested. The best results were reported for the following 
procedure: etching the n-GaP substrate in a 3:1:1 solution of ^SO^^C^E^O, 
and the epitaxial surfaces in a 1:1:10 solution of these chemicals. This was 
followed by rinsing in deionized water, dipping in buffered HF, and a final rinsing 
in deionized water. For heterojunctions of n-Gao.5Ino.5P/n-GaP and of n- 
(Al 0 .7Ga 0 .3)o.5ln 0 .5P/n-GaP they found that contacting the wafers in deionized water 
yielded the best results, whereas the indium-free example of n-GaP/n-GaP yielded 
the best results when bonded after spin-drying. 



9.2.3 Electronic Properties of the Bond-Interface 

Whereas when following the general prescriptions for successful direct bonding 
the void-free and mechanically rigid adhesion may be almost taken for granted, 
obtaining electrically “transparent” interfaces is a different issue. Key to the 
viability of incorporating a wafer-bonding interface into a LED is a low electrical 
resistance across the joint. Studies of bonded n/n and p/p junctions for 
Gao.5Ino.5P/GaP, Gao.5Ino.5P/Gao.5Ino.5P, Gao.5Ino.5P/GaAs, GaP/GaP and of n- 
(Al 0 .7Ga 0 .3)o.5ln 0 .5P/n-GaP heterointerfaces [12,20] reported differing current- 
voltage characteristics. In some cases ohmic conduction was observed, in others 
the current-voltage traces were distinctly nonlinear. The quality of the cleaning 
procedure of the bonding surfaces and the bonding process may cause the large 
variations observed. O'Shea et al. [22] found that samples with a large resistance at 
the bonding interface of n-AlGalnP/n-GaP had three times more carbon than in the 
low-resistance reference sample. In addition, for a bonding procedure yielding 
consistently good structural bond quality, it has been demonstrated that the relative 
orientation between the wafers can account for the changes in the electrical 
properties [20]. Experimentally, it was found that low-resistance ohmic conduction 
can be achieved if the relative misorientation between the mating crystals was kept 
below approximately 4°. With increasing misorientation, the degree of non- 
linearity increased , apparently saturating for angles of misorientation above 15 - 
20°, as illustrated in Fig. 9.10 [20]. Electrically charged dislocations or extended 
dislocation structures were seen as the cause of the non-ohmic carrier transport. 
Srikant et al., studying the electron transport across low-angle pure tilt grain 
boundaries phenomenologically with quasi-classical molecular dynamics 
simulations, elaborated this line of thought and found a critical misorientation 
angle of about 2.6°. They attributed the diminished electrical conductivity to the 
increasing densitiy of charged edge dislocations [23-24]. 

The forward voltage of wafer-bonded transparent substrate LEDs reportedly lies 
at any given current density approximately 0. 1-0.2 V higher than that of the 
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corresponding absorbing substrate LEDs. This offset is attributed to the difference 
in electrical conductivity between the n-GaP and n-GaAs substrates. Occasionally 
wafers are produced with LEDs exhibiting unexpectedly high forward voltages. An 
investigation into the reasons for this production problem observed that a 
subcritical rotational misorientation of 3° in conjunction with a carbon 
concentration of lxlO 13 cm' 2 was associated with the forward- voltage increase 
[ 22 ]. 
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Fig. 9.10. Influence of (a) tilt and (b) rotational misalignment on electrical properties of 
bonded interfaces between GaP and InGaP layers [20] 



For the system being discussed here, AlGalnP on GaAs, the removal of the 
epitaxial growth substrate poses no difficulty. Grinding and subsequent wet 
etching, for instance, can serve the purpose. On the one hand, a range of proven 
lattice-matching etch stop layers offer sufficient selectivity against wet etching of 
GaAs; on the other hand, by implication, the change from arsenides to phosphides 
itself may provide sufficient etch selectivity [25]. The difficulty in simply 
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dissolving sapphire selectively against group Ill-nitride layers has in this 
important system prevented so far the adoption of the those wafer-bonded 
transparent substrate concepts. In the next section, novel LED concepts are 
discussed which rely on wafer bonding, albeit not direct bonding. 



9.3 Alternative Bonding Methods for LEDs 

Rather than aiming for transparent substrate LEDs to circumvent the total internal 
reflection trap, the high internal quantum efficiency of advanced active layer 
material systems permits solutions based on buried omnidirectional mirrors. The 
distributed Bragg reflectors (DBR) which can be deposited epitaxially exhibit very 
good reflectances for normal incidence. Therefore, VCSELs may rely on them. For 
higher degrees of incidence the DBR reflectivity diminishes strongly. LEDs 
benefit more from the omnidirectional reflection typical of metallic mirrors. In a 
similar vein as in the creation of buried oxide layers for bonded silicon-on- 
insulator structures (see Chaps. 3 and 4) the metal mirror may be effectively placed 
underneath the epitaxial structures. Figure 9.11 illustrates the principle of 
operation. The generic process sequence then is as follows: Using a lattice- 
matching substrate, the LED structure is grown epitaxially. Metal-semiconductor 
contacts and a metallic mirror are deposited onto the epilayers. 




Fig. 9.11. Principle of LED with buried metallic mirror and surface roughness (Courtesy of 
OSRAM Opto Semiconductors GmbH) 

The LED wafer is then bonded with its mirror- side onto an alternative substrate. 
After removal of the growth substrate, contacts are applied to the newly released 
LED surface. In the resulting grafted LED, the mirror separates the epitaxial layers 
and the alternative substrate. With these grafted LEDs, a number of measures can 
be taken to increase the outcoupling efficiency further. Provision of various 
geometrical micro-reflector structures or surface roughening or a combination of 
both then allows the design of highly-efficient LEDs. Because of the ability to treat 
in turn both the top and bottom surfaces of the epitaxial layers, those grafted (or 
“thin-film”) LED concepts become attractive also for a material system like GalnN 
with the epitaxial transparent substrates sapphire and silicon carbide. The idea of 
grafted LEDs originated with the epitaxial lift-off concept of Yablonovitch [26] 
and with reports demonstrating a record external efficiency of 72% for an optically 
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pumped LED [27]. The introduction of a metallic interlayer relaxes the 
requirements for the bonding properties. Optically transparent interfaces are no 
longer needed, so that “glue layers” may be used and thus bonding techniques 
other than direct bonding may become appropriate. Of the properties listed above 
for the direct bonding for transparent substrate LEDs, the optical transparency is 
no longer required, the requirements on the mutual thermal expansion is relaxed, 
and achieving ohmic contact is considerably alleviated. Consequently, the choice 
of a process-compatible electrically and thermally conductive stock substrate is 
compromised to a lesser degree by the boundary conditions. And a wider range of 
joining techniques can be considered for the grafting process. 

A number of alternatives to direct bonding have been applied to the preparation 
of grafted LEDs. The specific examples can be categorized in the following 
groups: 

• Solid-state diffusion bonding : This solid-state welding process joins two 
surfaces, typically at temperatures around 0.5-0. 8 of the absolute melting 
point of the contacting materials and at pressures some fraction of the yield 
stress. Bonding times in the range of minutes to hours are usual. Plastic 
deformation of asperities and creep, surface, volume and grain boundary 
diffusion, and evaporation from surfaces contribute to the joint formation 
[28]. There is no liquid phase to ease the mutual accommodation of the 
surfaces. Solid-state reactions, however, may lead to the formation of new 
compounds at the interface. 

• Glass bonding: Glass interlayers are commonly used in the fabrication of 
micromechanical devices. Sol-gel, spin-on-glasses, low-viscosity glass or 
glass melt may be employed to smooth out surface unevenness. Oxide or 
chalcogenide glasses may be considered. Frit-glass bonding would be a 
popular example. 

• Gluing: The two wafer may be joined by the application of thin or thick 
layers of organic adhesive polymers like epoxy resins. Thick layers may be 
filled for improved thermal or electrical conductivity. 

• Eutectic bonding or soldering: Low-melting-point metal layers, e.g. of Sn, 
In, or eutectic points in the mixtures of AuSi, AuGe, or AuSn are well- 
known in the mounting of optoelectronic devices, and these techniques may 
be adopted for large-area joining. After melting and mutual wetting of the 
contacting surfaces, solidification upon cooling creates the joint. 

• Isothermal solidification: Here also a liquid phase is generated. However, 
the metal layers at the joining interface are chosen such that at the joining 
temperature the interdiffusion or formation of intermetallic compounds 
leads to the creation of a solid-state bond. Therefore, this technique is 
sometimes also referred to as transient liquid-phase bonding; Bernstein 
proposed it under the name of solid-liquid interdiffusion [29]. The 
advantage of this approach is the comparatively low bonding temperature 
and the possibility to use for post-bonding processes temperatures well 
above the joining temperature. Isothermal solidification has been mainly 
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discussed with a view to joints to high-temperature applications, but 
recently the application in electronics has gained interest [30]. 

As here the main topic is bonding, the bonding techniques are used as the criterion 
for ordering the examples. For a specific grafted LED concept, several of these 
categories may be applicable, each offering a range of practical examples. The 
association of a particular bonding process with a given LED concept is not to be 
taken as restrictive. Rather, the illustration should highlight the tool-box nature of 
those bonding techniques, which should be chosen as is convenient and suitable 
for the given grafted LED concept in mind. 

From a manufacturing point of view, solid-state diffusion bonding may not be 
the first choice because of the potentially large pressure involved may damage the 
sensitive epitaxial layers mechanically. However, with the use of appropriate 
interlayers those problems can be avoided. For instance, the use of Pd-Ge 
interlayers apparently permitted the transfer of a III-V epitaxial layer for the 
integration of a photodetector onto silicon [31]. 

Furthermore Au/Au:Be-layers have been used for bonding AlGalnP-LED layers 
to glass [32] or oxidized silicon [33] substrates. In the case of bonding to glass, the 
conditions were given as 450°C for 15 min, under unspecified uniaxial pressure 
[32] while in the case of bonding to oxidized silicon, 300°C for 20 min in nitrogen 
gas under a uniaxial pressure of 0.3 N/m 2 and the use of a graphite fixture were 
mentioned [33]. AuBe, known to make ohmic contacts to p-GaAs, was used as a 
multi-purpose layer: adhesive, electrical contact and mirror. The surface of the 
LED was covered with a 50 nm thick epitaxial p + -GaAs layer. For bonding, it was 
brought into contact with a 150 nm Au/100 nm Au:Be/glass or oxidized silicon 
substrate. The silicon dioxide layer reportedly was necessary to alleviate the 
thermomechanical stress caused by the use of silicon [34]. With the introduction of 
an insulating Si0 2 interlayer two top contacts became necessary. The good thermal 
conductivity of silicon provided heat sinking superior to reference LEDs on their 
native GaAs growth substrate, and of course, to glass [33]. Large-scale bonding 
was demonstrated using 50 mm wafers with an areal yield above 90% [34]. A 
record luminous efficiency of 74 lm/W (3 lm at 20 mA and 2.02 V) for a 
wavelength of 626 nm was reported. Remarkably this was achieved without 
additional measures like patterning the surface with facets to enhance the coupling- 
out of light. 

Oxide bonding is associated with insulating interlayers, both electrically and 
thermally. This reduces their appeal for LED technology. However, when opting 
for an insulating transparent substrate with a view to flip-chip bonding, this caveat 
becomes obsolete. The grafting of an AlGalnP LED with a p-GaP current spreader 
onto sapphire may exemplify this approach [35]. A sapphire substrate was coated 
with a 500 nm thick spin-on-glass layer (14% Si0 2 and 86% organics). After 
bonding at 300°C for 30 min under uniform uniaxial pressure, the GaAs substrate 
was removed, a mesa were formed, electrodes evaporated and the sapphire lapped 
down to 90 pm thickness. A luminous efficiency of 40 lm/W at 20 mA and 2.06 V 
was reported for LEDs of 622 nm wavelength. The current-voltage characteristics 
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displayed severe non-ideality. It should be added that with a value of 1.7 the 
refractive index of sapphire is considerably smaller than that of GaP, with the 
consequences for the window layer concept outlined above. Selenium disulphide 
chalcogenide glass bonding has been suggested for the transfer of GaN-based 
LEDs onto silicon [36]. The addition of tin reportedly improves the electrical 
properties considerably [37]. 

Gluing has been applied successfully for the fabrication of laboratory 
demonstrators. Their thermal expansion behavior, but especially their thermal 
instability, imposes severe limits on the subsequent process temperatures that may 
be required for contact annealing. One can rely on a very thin layer for bonding 
together two metallized surfaces. Then any asperities will penetrate the glue film 
and create electrical and thermal contact. This moderately compromises the 
electrical and thermal conduction. Thick layers need fillers to achieve any sensible 
conduction and pose a risk due to the severe thermal expansion mismatch. As a 
temporary bond for the creation of a thin-film LED, Wong et al. used an ethyl 
cyanoacrylate-based adhesive [38]. 




Fig. 9.12. Cross-sectional drawing of LED using buried microreflectors (Courtesy of 
OS RAM Opto Semiconductors GmbH) 

Eutectic bonding or soldering are well-proven techniques in the mounting of 
optoelectronic devices. The eutectic temperature, however, imposes a severe limit 
on the process temperatures. To avoid reliquification of the joint, any deposition or 
contact annealing process must stay below the remelt temperature. This would 
favor high-melting point solders like AuSn, AuGe or AuSi. An attractive feature of 
grafted LEDs is the option to pattern one of the bond surfaces prior to joining. 
Geometrical structures like cones, prisms, frusta or hemispheres may be generated 
in the semiconductor layer. Many of the shapes suggested for chips to improve the 
light extraction can be employed at the bonding interface. There the structures may 
act a micro-reflectors, used as a repetitive structural element much as in tiling. The 
individual micro-reflector is optimized for a given epitaxial layer; depending on 
the required chip size, essentially only the number of these units needs to be 
adapted. 
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The example of OSRAM's micro-reflector LED may illustrate this approach. 
Pyramidal frusta are substractively formed in the epitaxial structure. Openings in 
the dielectric layer define the electrical contacts. The combined dielectric/metal 
mirror at the soldering interface then can serve as a current spreader while 
retaining the ability to generate light preferentially in the center of the micro- 
reflectors by localizing the injection of current. Figure 9.12 shows a schematic 
cross-sectional drawing of such a device, and Fig. 9.13 shows a top view of an 
operating device. For the bonding one surface is covered with Au, the other with a 
hypereutectic AuSn layer. The assembly is melted at 350°C so that the layers 
interdiffuse and attain the eutectic ratio. Solidification upon cooling down 
generates a joint with excellent thermal and electrical conductivity. This approach 
does not require a specific substrate. Therefore it is amenable to fabrication using 
100 mm wafers. A peak luminous efficiency of 53 lm/W at 10 mA for X p = 615 nm 
was reported [39]. The concept can be extended to power chips with side lengths 
of 1 mm. Continuously driving the 1 mm LED with 800 mA, a luminous flux of 56 
lumen was reported with a decrease of efficiency of only about 15% [40]. 




Fig. 9.13. Photograph of an operating LED with buried micro-reflectors (Courtesy of 
OSRAM Opto Semiconductors GmbH) 



Whereas the previous examples were drawn from AlGalnP-LEDs, the next will 
highlight GalnN. In the case of GalnN epitaxy, the lack of a suitable substrate with 
a matching lattice forces us to use compromise substrates like sapphire or silicon 
carbide. To obtain layers of sufficient quality requires the growth of buffer layers. 
Although the typical growth substrates sapphire and silicon carbide are both 
transparent, sapphire lacks electrical conductivity and has only poor thermal 
conduction, while silicon carbide is rather expensive and becomes absorbing at the 
short-wavelength end of the GalnN emission spectrum. Because of those 
problems, grafting the epitaxial layers onto a conductive stock substrate became 
attractive. The chemical inertness of these materials makes substrate removal by 
simple etching a cumbersome solution. The excellent transparency to short- 
wavelength radiation of sapphire permits the use of a novel separation technique: 
laser-lift-off [41,42]. 
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This approach will be presented in more detail in the Chap. 11. GalnN LEDs 
were bonded with a AuSn eutectic process to GaAs carriers. Aided by surface 
roughening and buried high-reflectivity mirrors, LEDs emitting at 460 nm 
achieved an extraction efficiency of 70% and and an overall efficiency of 24% 
[43]. Alternatively, isothermal solidification can be used as the joining technique. 
The binary system Pd-In has been used by Wong et al. for their grafted LEDs 
[38]. In their example, Pd and In react during bonding at about 200°C to form 
In 7 Pd 3 with a peritectic temperature of 672°C (Fig. 9.14) [44]. They used a double- 
bonding approach to graft the epilayer with the growth substrate side onto a stock 
substrate [69]. For the successful accommodation of the surface roughness, the 
interfacial layers reportedly need to retard the In-Pd reaction so as to ensure 
complete In melting prior to localized isothermal solidification [45]. 




Fig. 9.14. The indium-rich part of the binary phase diagram of the system In-Pd [44] 



9.4 Long-Wavelength Vertical-Cavity Surface-Emitting 
Laser Devices 

Another important application of wafer direct bonding in optoelectronics is the 
long-wavelength vertical-cavity surface emitting laser (VCSEL). These devices 
operating at 1.3 or 1.55 pm offer for optical fiber communication the potential of 
low-threshold operation and small divergence of the beam. 
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In a conventional semiconductor stripe laser the mirrors defining the optical 
cavity are made by cleaving. Because the cleaved facet mirrors are perpendicular 
to the wafer surface, the light is emitted parallel to the surface of the wafer. For 
wafer-level testing and for monolithic integration light emission normal to the 
surface is required 

In a vertical surface-emitting laser the surfaces of the epitaxial layers define the 
vertical cavity. Thus the length of the cavity is comparable to the wavelengths of 
the emitted light and orders of magnitude smaller than the cavity length of ca. 300 
pm in conventional stripe lasers. Lateral current confinement then permits laser 
cavities with extremely small volumes, and this enables the low-threshold current 
operation for which VCSELs are famous. Figure 9.15 shows a schematic model of 
a VCSEL. A more detailed treatment of VCSELs can be found in the book by Li 
and Iga [46]. 



Ught Output 




Fig. 9.15. Schematic model of a vertical-cavity surface-emitting laser [46] 

Although the first surface-emitting laser device was a 1.3 pm laser made from 
GalnAsP grown on InP [47], the GalnAsP/InP system is not well suited for 
surface-emitting lasers. A small conduction band offset, Auger recombination and 
inter-valence-band absorption limit the performance attainable. The difference in 
refractive index attainable between various compositions in the GalnAsP/InP alloy 
system is 0.3 which is considerably smaller than the 0.6 between GaAs and AlAs 
used for 850 and 980 nm wavlength devices, and in the present context this low 
index contrast may be viewed as the most important drawback. 
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9.4.1 Distributed Bragg Reflectors 

The epitaxial mirrors of VCSELs usually are distributed Bragg mirrors (DBRs) 
comprised of two materials, one with a “high” and one with a “low” index of 
refraction, n high and «/ ow , respectively. Figure 9.16 schematically depicts a DBR 
with abrupt interfaces between the alternating materials. A more in-depth treatment 
of DBRs for VCSELs can be found in a review chapter [48]. An alternating pair of 
high- and low-index material makes up a period of the distributed Bragg mirror 
stack and the period is repeated N times within the layer sequence. Each layer has 
an optical thickness of a quarter of the design wavelength. Therefore the normal 
reflections at each interface (cf. equation 3) add up in phase. The overall 
reflectivity is then given by 




Fig. 9.16. Distributed Bragg reflector with abrupt changes between two materials of 
different refractive indices (after [48]) 

Although in principle a sufficiently large number of periods may turn even a small 
difference in refractive indices into a high reflectivity, this solution is problematic. 
Apart from practical considerations in depositing DBRs with large values of A, say 
45-50, the concomitant large number of interfaces and the comparatively low 
thermal conductivity of the ternary or quaternary alloy materials involved impede 
the extraction of heat, increase the electrical resistance, and add to the absorption. 
This has been a major limitation for device performance. 
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While keeping the GalnAsP alloy system for the actice layers, DBRs based on a 
high-index-contrast system were considered as a workaround to this problem. The 
ability of wafer direct bonding to provide electrically and thermally conducting 
interfaces while remaining optically transparent permits us to separately optimize 
the mirror and laser. The epitaxial substrate for the light-emitting device and for 
the Bragg reflectors can be chosen independently, allowing us to optimize the 
device performance free of the constraints imposed by the lattice-matching 
required for epitaxial growth. The quaternary III-V alloy system GalnAsP 
customarily has been regarded as the best for the optoelectronic active layer. For 
the growth of this high-performance system InP is being used. Distributed Bragg 
reflectors grown on InP suffer from low contrast in refractive index and poor 
thermal conductivity. Wafer direct bonding allows the deposition of superior 
AlAs/GaAs DBRs on GaAs substrates. The lower phonon scattering in binary than 
in ternary or quaternary alloys results in an order of magnitude gain in thermal 
conductivity [49]. In comparision to conventional semiconductor lasers, the 
smaller active volume and the higher current densities of VCSELs make these 
devices thermally more sensitive, and wafer bonding can aid in managing the 
dissipated heat. 
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Fig. 9.17. (a) Single [50] and (b) double-fused VCSELs [21] 



9.4.2 Bonded VCSELs 

Either one or both of the mirrors of a VCSEL may be provided by direct bonding, 
and accordingly one often refers to single- or double-fused VCSELs (Fig. 9.17). 
The devices then are comprised of two or three epitaxial growth processes, 
respectively, joined by one or two wafer bonding steps. 

After the demonstration of an externally optically pumped VCSEL with bonded 
mirrors achieving 144°C pulsed operation [51], probably the first electrically 
injected VCSEL with bonded mirrors relied on one direct bonding step only [50]. 
This 1.3 pm VCSEL used a 28-period AlAs/GaAs distributed Bragg reflector and 
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the backside and 3-period Si/Si0 2 dielectric mirror for light extraction. A room- 
temperature pulsed threshold current of 9 mA (9.6 kA/cm 2 current density) was 
reported. The first single-fused 1.54 pm VCSEL with continuous-wave operation up 
to 33°C was reported in 1995 [52] and in 1996 such a VCSEL achieved continuous- 
wave operation up to 27°C, with a room temperature threshold current of 8.8 mA 
(current density 1.8 kA/cm2) [53]. With double-fused 1.5 pm VCSELs a 
continuous-wave threshold of 0.8 mA [54] has been achieved with continuous- 
wave output powers of 1 mW at 15°C and 0.5 mW at 25°C, and a maximum 
operating temperature of 71°C [55]. 

Commercial applications require uncooled operation at ambient temperatures 
up to 85°C. To meet these thermal stability requirements, Jayaraman et al. refined 
the optically pumped double-fused VCSEL by equipping one of the bonded DBRs 
with an 850 nm VCSEL structure for pumping [56-57]. Figure 9.18 explains 
schematically the structure. This approach resulted in a 1.3 pm device with more 
than 0.5 mW continuous-wave output power up to 85°C, and lasing action up to 
1 15°C. 
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Fig. 9.18. Schematic diagram of the optically-pumped double-fused device stmcture with 
the monolithically integrated 850 nm pump laser [57] 



The mating surfaces can be patterned before direct bonding, opening up a wide 
range of design options. Whereas usually mesa structures are etched in the 
fabrication of current-confinement structures, localized bonding (Fig. 9.19) 
permits a simple way to prepare planar devices with the lateral current 
confinement [58]. Oxygen implantation before bonding also can be employed to 
constrict lateral current flow [59]. Tunable VCSELs with external optical pumping 
are another example of the use of localized bonding [60]. 
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Fig. 9.19. Schematic representation of the double-fused vertical-cavity surface-emitting 
laser structure with localised bonding in the p-side interface between the laser and the 
distributed Bragg reflector [58] 



9.4.3 Bonding Procedure 

To join GaAs and InP through wafer bonding, Liau et al. introduced a 
quartz/graphite reactor in an H 2 _ambient [61]. In the meantime numerous groups 
have reported the fusion of GaAs and InP, many of them adopting a procedure 
similar in spirit to the approach of Liau et al. Typically, the surfaces are cleaned, 
etched to remove the native oxide by a dip in acid, joined at room temperature and 
finally heated to 600-700°C in hydrogen. Usually, the wafers are pressed together 
during the annealing step to ensure close contact [21,62-63]. 

Babic et al. emphasized the importance of an array of channels (widths: 2-10 
mm; pitch: 150 mm) which are etched in one or both substrates before bonding 
[21]. These venting channels which extend to the end of the sample serve, as an 
outlet for the gaseous interface reaction products. When the sample is cleaved after 
the annealing step, a dense liquid is recovered of unknown chemical composition. 
If the bonded samples are annealed without creating channels prior to bonding, 
macroscopic voids and oxide islands are formed in the interface. Meanwhile other 
groups have adopted this method. 

A cleaning and bonding procedure encompassing solvent cleaning, plasma 
ashing, wet chemical etching, contacting wafers in basic solution, application of 
uniaxial pressure, vacuum, hydrogen back-filling, heating, and slow cooling-down 
has been detailed by Salomonsson [65]. 

An alternative approach to the direct bonding of group III-V compound 
semiconductors has been suggested by Akatsu et al. [64]. Here the surfaces are 
deoxidized in ultrahigh vacuum at temperatures of 360-500°C in a stream of 
atomic hydrogen. Contacting the atomically clean semiconductor surfaces leads to 
the formation of covalent bonds even at temperatures below 150°C. Figure 9.20 
schematically outlines the bonding procedure. 
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Transmission electron micrographs show that the direct bonding interface can 
form a grain boundary without an amorphous interphase. A dislocation network 
accommodates the various misfits in orientation and lattice constants [64,66-68]. 
The dislocations usually are confined to the interface layers and thus do not 
degrade the device operation. In addition voids observable after post-bonding 
annealing (see Fig 9.21) are attributed to the aggregation of excess volume caused 
by surface microroughness [63]. 



■protective’' bonding 
No chemical cleaning. 



(a) 



j I H- source 

♦ 



j rx h* tj | 






j + j j 




H* wafer cleaning 






Background pressure: 


I \t+J/ I 




< SkIO -11 Toit 




B 


Operation pressure: 


1 U*/f f j 


3 


IxIC^Torr (H ? ) 


I j\Wi] f ] 


X 


Wafer temperature : 


1 ■ \t/ 1 1 1 




sea Table 2. 


Hi w i i i 







(b) 




Fig. 9.20. Schematic description of the low-temperature bonding procedure. After ex situ 
chemical cleaning and protective reversible bonding (a), the wafer surfaces are deoxidised 
in vacuo (b) and in contacted ultrahigh vacuum at a low temperature (c) [63] 
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Fig. 9.21. (a) Cross-sectional transmission electron micrograph of the GaAs/InP interface 
after heat treatment at 350°C for 1 h. (b) Cross-sectional transmission electron micrograph 
of GaAs/InP interface after heat treatment at 650°C for 30 min. Voids imaged by Fresnel 
defocus contrast are attributed to aggreagation of roughness-induced excess volume [64] 

Wafer bonding approaches have helped in achieving record performances of 
vertical-cavity surface-emitting laser devices for 1.3 and 1.55 pm wavelength. 
However, the overall complexity of the process flow with three epitaxial and two 
bonding steps may be difficult to repeat with reproducible high quality and may 
thus degrade the manufacturing yield. In addition, the doping levels required for 
ohmic bonding interfaces may cause absorption. Commercial utilization 
consequently has been slow. Metal/dielectrical mirror concepts for GalnAsP 
obviate the index-contrast problem inherent in that alloy system. Moreover, 
advances in material synthesis with GalnNAs and InAs quantum dots offer at least 
a viable alternative for 1.3 pm devices. 
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10.1 Introduction 

High-density hybrid integration of III-V compound optoelectronics (OE) with 
Complementary Metal Oxide Semiconductor (CMOS) Integrated Circuits (ICs) is 
emerging as a technology able to provide the features and performance required 
by the next generation of high functionality information processing subsystems 
[1-3]. Though the performance potential of III-V OE is widely recognized, high- 
density co-integration with CMOS and low-cost manufacturability remain the key 
issues, which will ultimately determine the potential of this technology for market 
penetration. A variety of approaches is currently proposed to achieve the goal of 
high-density III-V OE-CMOS integration. Since there is not a single prevalent 
technology for the embodiment of such high-density OE subsystems, a compre- 
hensive presentation of the state-of-the-art hybrid integration technologies of III— 
V OEs with CMOS is necessary to assess the potential of each approach. 

In this chapter, we have chosen to present those approaches that have three 
common characteristics: they are fully compatible with standard CMOS technol- 
ogy, they have the potential for wafer-scale manufacturability and they allow the 
integration of laser diodes (which are the critical and most sensible component of 
an OE subsystem). The aim of this presentation is to illustrate the main features of 
each technique. The various technologies are overviewed in terms of their strong 
and weak points and the core integration process-flows are described. The inter- 
ested reader can find in-depth information and detailed description of the individ- 
ual processes in the references listed at the end of the chapter. 

Section 10.2 is devoted to the most mature and widely adopted flip-chip bond- 
ing technology of III-V OE chips on conventional CMOS as well as on Silicon- 
On-Sapphire (SOS) CMOS circuits. The thin-chip technologies of applique and 
epitaxial liftoff are examined in Sect. 10.3 and 10.4, respectively. Low temperature 
(LT) wafer-level bonding techniques, based on Si0 2 /SOG or polyimide materials, 
are assessed in Sect. 10.5. Furthermore, the basic concepts of some fluidic self- 
assembly technologies are discussed in Sect. 10.6. 
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10.2 Flip-Chip Assembly of III— V OE on CMOS Dies 



10.2.1 Flip-Chip on Conventional CMOS 

Flip-chip is a commonly used assembly and packaging technique of electronic cir- 
cuits and systems. It was introduced by IBM in the early 1960s for their main- 
frame computers and since then, it has been recognized as an alternative, to the 
conventional wire bonding based hybrid integration, suitable for a wide range of 
applications. Flip-chip technology presents significant advantages in size, per- 
formance, flexibility, reliability, and cost over traditional microelectronic die at- 
tach and interconnection (wire bonding) methods. A variety of flip-chip assembly 
techniques exist, including solder bump, plated bump, gold stud bump, adhesive 
bump, etc. [4]. The general flip-chip process-flow is illustrated in Fig. 10.1. 




(d) 



Fig. 10.1. Simplified flip-chip bonding sequence: (a) lithographic definition of bond loca- 
tions, (b) metal bumps after metal deposition and photoresist removal, (c) spherical bump 
formation after reflow, (d) final optoelectronic system structure 

The first step in the flip-chip assembly process is the preparation of the bonding 
bumps at specific locations on the surface of the chip to be bonded and on the host 
die. This step can be performed either at wafer level or at die level. Lithographic 
and special metallurgical procedures are needed to initially deposit metallic films 
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on the chip pads and subsequently reflow them in order to form spherical bumps. 
A variety of metals, such as indium, gold, silver, or alloys can be used, depending 
on the application requirements and restrictions. The role of the bumps is to join 
mechanically the two semiconductor pieces and to connect them electrically. The 
size and the pitch of the bumps may vary from a few microns to several tenths of 
microns depending on the integration density and the desired vertical distance be- 
tween the two semiconductor pieces. The next step is to pick and place the die on 
the host carrier so as to align the corresponding bumps. Alignment features pre- 
fabricated on the host substrate or self-alignment techniques can be used to 
achieve the correct placement of the dies. Usually, the allowable tolerance is up to 
10% of the bump radius. This is the most critical step in the flip-chip process since 
it determines the overall yield and cost. The final step in most flip-chip process- 
flows is to fill the space between the two dies with an insulating material, which 
also significantly improves the mechanical properties of the assembly. In some 
cases, the assembly may be further processed, e.g. to electrically interconnect the 
upper face of the die with pads lying on the host substrate [5]. 

Due to its inherent capability for the hybrid integration of devices fabricated on 
different materials, flip-chip has been widely adopted by OE subsystem develop- 
ers. A significant feature of flip-chip technology is that it is a low-temperature 
technique since all process steps are accomplished at temperatures below 200°C 
and therefore the reliability of the Si-based electronics is not affected. A solder, 
such as gold-coated tin [6] or indium [7] is deposited and photolithographically 
patterned on the bonding pads and then the dies are flip-chip bonded together us- 
ing a precision bonder. The space between and around the dies can be filled with 
epoxy, which strengthens mechanically the structure and serves as a protection 
coating during the subsequent process steps. 

It is worth noting that, due to the face-to-face arrangement of the dies, there are 
inherently two basic constraints in the III-V OE-conventional CMOS flip-chip 
technique: 

1 . The bonding pads of the III-V OE devices must be coplanar. 

2. The light beam must avoid the silicon substrate, which is practically opaque for 
the light wavelength of 850 nm that is commonly used in shorthaul OE links. 
Free light traveling can be achieved either by opening holes through the silicon 
substrate (a complicated and high-cost option) or by III-V substrate removal (to 
allow unmasked access of the light to the active layers). 

Successful integration of CMOS electronics and arrays of III-V-based optical 
modulators, VCSELs and photodiodes using flip-chip technology, with a yield 
greater than 99.9%, have already been reported [8]. Significant advantages in 
terms of signal speed, power consumption, and area coverage of the III-V OE- 
CMOS flip-chip over wire-bonding-based hybrid integration have already been 
demonstrated [9]. An analysis of the parasitics introduced by the bonding bumps, 
their dependence on critical process parameters, such as bump size, and their in- 
fluence on the overall OE system limits and requirements have been presented in 
[ 1 ]. 
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Although flip-chip is the most successful hybrid integration technique that is 

widely accepted by the OE industry and which is employed in production lines, 

there are some limitations in its applicability: 

- The minimum dimension of the dies that can be handled effectively by flip-chip 
bonders is in the millimeter range. Thus, flip-chip technology is very well 
suited for bonding arrays of OE devices but is difficult to be applied to single- 
device integration. 

- The need for coplanar contacts on the OE device introduces additional process- 
ing steps, which may affect device performance. 

- The III-V substrate removal after the bonding is also an issue. 

- Although the parasitic capacitance and inductance are reduced significantly, 
with respect to the wire bonding, the use of the bonding pads and bumps intro- 
duces parasitic capacitance, which may deteriorate the delay in high-speed op- 
tical signaling. 

- The flip-chip arrangement is not adequate for stacking multiple dies thus limit- 
ing the integration scheme in the 2D configuration. 

- The serial nature of the fabrication sequence results in increased manufacturing 
cost. 



10.2.2 Flip-Chip on Silicon-on-Sapphire CMOS 

Certainly, conventional bulk-silicon CMOS technology is the most widespread, 
robust and cheap technology for the implementation of high-performance elec- 
tronic integrated circuits. However, the problem of the absorption of the com- 
monly used wavelength of X,=850 nm, emitted by the GaAs devices, imposes a se- 
rious restriction for the embodiment of high-density optoelectronic subsystems. 

A promising alternative for building high-density, high-performance, low- 
power, cost-effective OE systems is the use of the Silicon-on-Sapphire (SOS) 
CMOS technology for the implementation of the necessary analog and digital 
electronic circuits [10]. Sapphire (i.e. A1 2 0 3 crystallized in a rhomboedral hexago- 
nal crystal system) is transparent from infrared to ultraviolet wavelength thus pro- 
viding an excellent substrate for through- wafer optoelectronic links. 

Silicon-on-Sapphire CMOS is a mature commercially available technology [11] 
closely related to the Silicon-on-Insulator (SOI) technology. The n- and p-type 
transistors are built on a thin silicon layer (from a few micrometers down to 100 
nm) lying on a sapphire substrate instead of the silicon dioxide used in the SOI 
technologies. Due to the large electrical resistance of the sapphire (14 orders of 
magnitude larger than the standard bulk-silicon substrate) the crosstalk between 
sensitive analog circuits and digital modules is practically eliminated and the para- 
sitic capacitances of the devices and interconnects to the substrate are significantly 
reduced. Thus, high-speed and low-power devices and circuits can be integrated 
on the sapphire substrate. 

An SOS-based OE subsystem comprises the following components: SOS 
CMOS circuitry with associated alignment features, implemented using the sili- 
con-on-sapphire technology, flip-chip bonding media, and 1-D or 2-D arrays of 




Hybrid Integration of III— V Compound Optoelectronics with Silicon 363 



light emitting (LEDs or VCSELs) and detecting (photodiodes) devices with 
alignment features for coupling to parallel fiber ribbon connectors. Figure 10.2 
shows schematically a simple OE module. The mechanical attachment of the OE 
device arrays on pads, lying on the sapphire substrate, is accomplished using ei- 
ther conventional (metal-based) or conductive epoxy flip-chip bonding. In the lat- 
ter case, the OE subsystem assembly should be baked at 60°C for one hour. The 
optical devices are flip-chip bonded face-down to the transparent substrate, which 
provides the medium for the light transfer from/to the fiber. In order to increase 
the light coupling, underfill of the space between the optical devices and the sub- 
strate with an index-matching material as well as polishing of the substrate can be 
employed. The placement accuracy of the OE devices on the sapphire substrate 
should be in the range of ± 5 pm, which is required by the tolerance of the fiber ar- 
ray coupling. 
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Fig. 10.2. Schematic representation of an SOS OE module 

Due to the fact that light travels through the substrate, it is easy to fabricate a 
monitoring photodiode, for each individual optical channel on it and thus to enable 
through digital control and feedback the adjustment of the bias and modulation 
current for the compensation of temperature and aging effects of the vertical cav- 
ity surface-emitting laser (VCSEL). Another advantage of this configuration is 
that such modules (without fibers) can be stacked vertically and communicate in 
free-space without the use of complex and expensive optics. 

Multigigabits per second data rates can be achieved by the individual electronic 
and optoelectronic subsystems comprising the OE module as well as by the com- 
plete hybrid OE system. A commercial product based on this integration concept 
and using a proprietary technology featuring a 1-D quad VCSEL array with ag- 
gregate data rate of 10 Gb/s is available from Peregrine Semiconductors [11]. 



10.3 Epitaxial Liftoff 

As mentioned in the previous section, among the main constraints of the flip-chip 
approach for the III-V OE-CMOS co-integration is the III-V substrate removal, 
after the accomplishment of the flip-chip attachment. In addition, the flip-chip is 
unfavorable for building stacked 3D OE-CMOS configurations. Hence, technolo- 
gies which involve thin III-V dies are highly desirable for high density OE-CMOS 
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integration. The epitaxial liftoff (ELO) technique [12-14] was one of the first to 
tackle the problem of the thin III— V OE-CMOS integration process. Using ELO, 
III-V epitaxial thin films are lifted off the growth substrate by means of a thin 
AlAs sacrificial layer, which is selectively etched laterally by dilute hydrofluoric 
(HF) acid. After release from the growth substrate, the dies of the epitaxial mate- 
rial can be bonded onto the desired host substrate either by Van der Waals forces 
or by cement. 

The ELO process-flow reported in [12] employs a GaAs-based material system. 
The epitaxial device layers, usually AlGaAs /GaAs/AlGaAs, are grown on the lat- 
tice-matched substrate over a sacrificial etch layer. It was found [12] that the 
Al x Gai_ x As (with x>0.6) alloy presents very high etch selectivity ( about 10 7 ) in 
HF solution compared to the Al x Ga!_ x As (with x<0.4). The first step of the ELO 
process is to cover the epilayer surface with black wax (Apiezon W), which serves 
also as a handling layer after lift-off (Fig. 10.3). Afterwards, the sample is im- 
mersed in an HF solution and the sacrificial layer, usually AlAs, is laterally etched 
and the epilayer is detached from the GaAs substrate. 





AlAs 



Fig. 10.3. Bending of epitaxial layers covered by wax 



A critical issue for the success of the ELO is the removal of the by-products of 
the reaction from the etched narrow lateral channel and especially of gaseous H 2 . 
If the gas is unable to escape, bubbles, which displace the etchant from the cutting 
front, are formed and the reaction stops before the lift-off of the epitaxial film is 
completed. 

Fortunately, this problem is alleviated by the use of black wax, which, by in- 
ducing tension to the material, results in slight bowing of the comers of the epi- 
taxial film (Fig. 10.3). In this way, the removal of the hydrogen and the other by- 
products of the reaction from the etching zone are facilitated. Moreover, the con- 
centration of the HF solution and the temperature of the process play an important 
role. It was found that a concentration of 10% HF acid offers a good compromise 
between etch rate and H 2 removal, resulting in an etch rate of about 1mm per hour. 
The optimum process temperature is about 40°C because at higher temperatures 
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the wax softens and the induced strain is eliminated. An up to 8 times acceleration 
of the reaction has been reported in [14] by using a surfactant and antifoaming 
agent. Successful lift-off of high quality epitaxial layers of area up to 4x2 cm 2 and 
thickness ranging from 0.2 pm up to 5pm has been reported [15]. It is worth not- 
ing that the mother substrate remains intact and, after cleaning, it can be reused for 
the epitaxy of a new material. After separation from the mother substrate the epi- 
taxial film is bonded to the host carrier, while the handling wax is removed using a 
trichloroethane solution. Finally, the desired devices are formed using conven- 
tional III-V processing steps on the bonded films. A drawback of the original 
ELO process is that high aluminum content epilayers must be precluded because 
they can be seriously attacked by the HF solution. 

A variant of the ELO method described above, called Alignable ELO (AELO) 
has been proposed in [16], allowing thin film partially processed devices to be 
bonded on the host substrate instead of just epitaxial films and providing the char- 
acteristics of wafer-scale integration. According to the AELO technique (Fig. 
10.4), the compound devices are defined, initially, using a photoresist mask and 
mesa etching, which stops at the AlAs sacrificial layer. 





Fig. 10.4. Aligned ELO process-steps, (a) Initial material system with sacrificial AlAs 
layer, (b) metalization and mesa etching, (c) top surface covered with wax, (d) lift-off of 
mesas from substrate after AlAs lateral etching, (e) Transfer to intermediate transparent 
diaphragm, (f) wax removal and placement of devices onto the host substrate 



Subsequently, the upper side of the mesas is metalized (using Au/Zn) to enable the 
electrical contact formation after the bonding. The surface is then covered with 
black wax, which actually buries the devices. Thereafter the sample is submerged 
in the HF solution to etch the AlAs layer and separate the dies from the mother 
substrate as in the original ELO. The thin parts are transferred onto an intermedi- 
ate transparent polyimide diaphragm and are subsequently aligned to the desired 
positions on the host substrate with the metalized face down. Strong attachment 
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and electrical connection is easily achieved by annealing, provided that the host 
surface is also metalized (using Au) prior to bonding. The AELO technique over- 
comes the limitation of the original ELO regarding the composition of the epi- 
taxial layers. Hence, high A1 concentration layers can be included in the device 
structures since the mesas are completely covered by the wax and, consequently, 
they are not exposed to the destructive HF solution. The ELO method has been 
successfully used for the fabrication of multimaterial optoelectronic integrated cir- 
cuits as well as for 3-D optically coupled memory modules [14-15]. 



10.4 Applique 

Another hybrid integration method, referred to as “applique” [17-18], is used to 
integrate thin GaAs dies, containing OE devices, onto standard CMOS chips. 
“Applique”, from the French, means to apply a piece of material onto a different 
material. The applique method involves the complete fabrication of the CMOS ICs 
using a standard commercial technology, the growth and processing as well as the 
substrate removal and mesa isolation of the GaAs OE devices and, finally, the 
bonding of these OE devices onto, created for that purpose, metal pads on the 
CMOS chip. The applique method has already been employed for the transfer of 
MESFETs [19], p-i-n photodiodes [17] and VCSELs [18] on CMOS chips. Here- 
after we describe the process-flow of the applique (Fig. 10.5), which is employed 
for the integration of top-emitting VCSELs with standard CMOS; the same proc- 
ess steps apply for the transfer of photodiodes on CMOS ICs. 

The as-received from the foundry CMOS chips are patterned with photoresist. 
Additional Ti-Ni-Ti-Au metal layers are deposited, by e-beam evaporation, on 
the A1 pads which will host the VCSELs. The GaAs MBE growth sequence starts 
with an thin n + -GaAs buffer layer on the n + -GaAs substrate. Next, a 0.1pm AlAs 
etch-stop layer is grown followed by GaAs/AlGaAs smoothing layers and the top- 
emitting VCSEL structure. Photoresist patterning and wet chemical etching, using 
K 2 Cr 207 :HBr:CH 3 COOH (1:1:1), are used to form circular mesa isolation of the 
devices. Next, the top ohmic contact (anode) of the VCSEL is processed. 

The epitaxial wafer with the VCSEL structure is cleaved into dies. The GaAs 
die is then mounted up-side-down on a glass carrier using a soluble adhesive, and 
the GaAs substrate is mechanically lapped to approximately 100 pm thickness. 
The remaining GaAs substrate is removed (using NH 4 0H:H 2 02) until the AlAs 
etch-stop layer is reached. The AlGaAs/GaAs smoothing layers are removed using 
alternating selective etchants. 
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(a) 





Fig. 10.5. Applique process flow-chart: (a) mesa etching of VCSELs, (b) VCSELs covered 
with adhesive and attached to intermediate substrate, (c) GaAs substrate removal and bot- 
tom contact formation, (d) VCSELs transferred to Si substrate (top contacts and passivation 
not shown) 



Hence, the thickness of the remaining GaAs die is just a few microns. Pd-Ge- 
Sn (or Pd-Ge-In-Sn) contacts are processed on the backside of the VCSELs using 
optical lithography, e-beam evaporation and liftoff. Next, the GaAs die is sepa- 
rated from the glass carrier and positioned on the corresponding CMOS pad using 
a mechanical manipulator. Then the CMOS IC is heated up to 300°C for a few 
minutes in a N 2 atmosphere. The Au (from the CMOS pad) and the Sn (from the 
VCSEL back-metallization contact) form a AuSn eutectic bond which serves for 
the mechanical attachment and electrical interconnection of the VCSEL with the 
host CMOS chip. The heating process results in Ge diffusion through the Pd layer 
forming a PdGe layer on top of an interfacial Ge layer [20]. Hence, a non-alloyed 
ohmic contact is produced which is found to be adequate for the VCSEL operation 
(resistivity ~ 10' 6 Q cm 2 ). It is worth noting that the Pd-Ge-Sn non-alloyed con- 
tact induces an order of magnitude less stress on the GaAs die than the conven- 
tional AuGe-Ni ohmic contact [21]. This is an important issue because the bowing 
of the GaAs die is limited and a uniform low-stress bonding can be achieved. The 
last processing step of the applique technique is to connect the top contact of the 
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VCSEL to the CMOS chip using an A1 interconnection. For that purpose, the top 
surface is coated with a photosensitive polyimide to pattern the top A1 traces and 
to provide an insulating layer. After the photolithography steps, A1 is deposited by 
e-beam evaporation and liftoff is used to remove the unwanted A1 from the top 
surface. 

Using the applique method VCSELs have been transferred on a simple driving 
circuit composed of two 0.8 pm NMOS FETs [18]. The resultant detector signal 
was seen to operate at 250 Mb/s. Circuit simulations of this optoelectronic inte- 
grated circuit (OEIC) indicate that modulation rates greater than 2 Gb/s are possi- 
ble from this simple optical transmitter. The applique approach has been demon- 
strated only for small GaAs dies (3^3 mm 2 ) however, it has intrinsically the 
potential for wafer-scale integration. The applique technique, as well as the ELO, 
ensure good thermal contact between the OE die and the CMOS host substrate; 
this feature is an inherent advantage over the flip-chip approach, especially when 
light-emitting optoelectronic devices are attached. 



10.5 Low-Temperature Wafer Bonding 



10.5.1 S0G/Si0 2 Based Bonding 

Low temperature (LT) wafer bonding has been used in a process emphasizing the 
wafer-scale potential for III-V OE-CMOS integration [22-23]. The basic concept 
for the LT wafer-scale integration scheme is shown in Fig. 10.6. Initially, the ICs 
are fabricated on a 4-inch Si wafer using a commercially available BiCMOS tech- 
nology and the OE device layers are grown on a 3 -inch GaAs wafer. The OE de- 
vice layers are grown with the inverse sequence of the usual device structure, after 
the epitaxy of a thin AlAs etch-stop layer. Then, the fully processed Si wafer is 
covered by successive Si0 2 layers, deposited at low temperature using plasma en- 
hanced chemical vapor deposition, and the surface is planarized by chemical me- 
chanical polishing (CMP). Next, the planarized and polished Si0 2 top layer is 
covered by Spin-on-Glass (SOG), to achieve a surface microroughness under 1 nm 
and to act as a bonding agent. Subsequently, a proper baking procedure is fol- 
lowed to remove the volatile elements from the SOG before the wafer bonding. 
The Si wafer is then bonded at room temperature face-to-face with the epitaxial 
GaAs wafer. The major flats of the two wafers are mechanically aligned. The 
bonding is further strengthened by an annealing step performed at 200°C (the tem- 
perature must be kept below 250°C to avoid debonding due to the difference in the 
Thermal Expansion Coefficients (TEC) of GaAs and Si). The backside of the en- 
tire GaAs substrate is then removed by either CMP or a fast wet-etching process 
so that only the epitaxial III-V structure remains bonded onto the top surface of 
the BiCMOS wafer. After this stage of the process-flow the temperature can rise 
up to 400°C because the constraint of the different TECs becomes more tolerant 
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due to the preceding thinning of the GaAs wafer, which can now sustain larger de- 
formations. 




Fig. 10.6. Low- temperature wafer bonding concept: (a) BiCMOS wafer planarized with 
Si0 2 and SOG and GaAs wafer with grown etch stop and epitaxial layers, (b) Major flat 
alignment and wafer bonding, (c) bonded system after GaAs substrate removal 



The remaining III-V film is thereafter processed to form OE devices using con- 
ventional III-V processing technology. The mask-alignment of the OE devices to 
be fabricated on the bonded GaAs film can be performed either by infrared back- 
side alignment or by alignment marks placed on the uncovered annulus of the 4- 
inch silicon wafer. The final steps of the process are: (a) the opening of via-holes 
through the III-V film and the insulating intermediate layers and (b) the fab- 
rication of electrical interconnections between the Si ICs and the OE devices using 
either wire bonding or on- wafer metallizations (Fig. 10.7). 

Scanning acoustic microscopy showed that the initial bonding was good over 
more than 70% of the entire wafer contact area and it was increased to about 90% 
when an annealing at 200°C was performed under a small pressure. The average 
interface energy of the bonded surfaces reached the value of 1 .4 J/m 2 after the an- 
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nealing. All the bonded wafers, after the CMP thinning, exhibited a non-negligible 
crack density (with crack spacing in the mm/cm range) attributed to mechanical 
stressing during CMP processing. On the contrary, with the wet etching procedure 
the mechanical stressing of the bonded material was reduced to a negligible level. 
Ridge waveguide laser diodes (RWG-LDs) with etched mirrors (edge emission), 
photodiodes (PDs) and waveguides (WGs) were processed from the same III-V 
structure [22], using an optimized RIE process and integrated LD-WG-PD optical 
links were formed. 
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Fig. 10.7. Schematic cross-section of final OE system based on LT wafer bonding scheme 

The GaAs devices on Si exhibited characteristics similar to those processed on 
reference GaAs substrates. The fabrication of LDs on the bonded GaAs/Si wafers 
was limited only by the initial yield of the wafer bonding process. The OE devices 
were isolated with trenches as deep as the GaAs film. The typical laser threshold 
current density (J t h) was approximately 1.6 kA/cm 2 . The comparison of the LDs on 
GaAs and Si substrates clearly showed the excellent structural quality of the 
bonded GaAs/Si layers. In fact, the LDs on Si exhibited a capability for operation 
at higher power as compared to the LDs fabricated on GaAs substrates, due to the 
higher thermal conductivity of silicon. Moreover, the influence of the wafer bond- 
ing and the subsequent GaAs process on the Si ICs has been examined using on- 
wafer S-parameter measurements up to 8 GHz. Discrete devices as well as Si ICs 
were characterized before and after the wafer bonding process and no apparent 
performance degradation was observed. The characterization of the integrated LD- 
WG-PD optical links demonstrated the capability of forming complex photonic 
circuits on the Si surface, on a wafer scale, using the bonded GaAs structure. The 
entire OE link was also successfully tested for its functionality under pulsed signal 
operation. 



10.5.2 Polyimide-Based Bonding 

An alternative low-temperature wafer bonding technique has been presented in 
[24-25]. The process is based on the employment of polyimide as the planariza- 
tion and bonding agent. Electronic circuitry, special areas to host the III-V OE 
dies, as well as alignment marks are designed and fabricated using conventional 
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CMOS technology. The OE host areas are squares of 50><50 pm 2 , initially covered 
by the aluminum of the CMOS process and then filled with gold. This is necessary 
in order to increase the thermal and electrical conductivity towards the silicon sub- 
strate. Subsequently, the CMOS wafer surface is planarized by covering it with 
polyimide, which is polished using aluminum-oxide powder. An oxygen-gas- 
based RIE process is used to reveal the top of the gold of the host areas. A surface 
flatness of 0.1pm is obtained. On the GaAs substrate the required epitaxial layers 
of the OE device are grown on top of an etch-stop layer. The surface of the III-V 
wafer is covered with the bonding polyimide. The two wafers are placed together 
face-to-face and heated at 350°C for 5 hours under pressure. Next, the backside of 
the GaAs substrate is removed by mechanical lapping and selective wet etching. 
The remaining epitaxial layers are sectioned to chip-size squares in order to ex- 
pose the underlying alignment marks on the CMOS wafer. Using these marks the 
processing of the III-V OE is accomplished using standard photolithographic 
techniques. Finally, holes are opened on the polyimide and electroplated gold is 
used to interconnect the OE devices with the underlying silicon electronics. The 
integration of a p-i-n photodiode with CMOS electronics has been successfully 
demonstrated [25]. 



10.6 Fluidic Self-Assembly Technologies 

Fluidic self-assembly (FSA) is a heterogeneous integration methodology for bond- 
ing devices, fabricated on a III-V substrate, onto a different host substrate (e.g. 
silicon) [26-28]. According to the FSA basic concept the devices are released 
from the mother substrate. They are suspended in a liquid and flowed over the 
host substrate, where they are selectively placed on predefined positions. A poten- 
tial advantage of this technique over conventional hybridization techniques, such 
as flip-chip bonding, is its inherent parallelism. Many devices, possibly not identi- 
cal to each other, can be deposited on the host substrate in a single process step. 
Fluidic self-assembly can be applied not only to optoelectronic system integration, 
but also to other application domains such as active matrix displays using either 
rigid or flexible host substrates. Variants of the original FSA method reported by 
Yeh and Smith [26] have been developed in order to improve yield, selectivity, 
adhesion force and process speed. These alternatives to FSA are the DNA assisted 
micro-assembly [29], the electric field directed assembly [30] and the magneti- 
cally assisted statistical assembly (MAS A) [31]. 

The basic process flow of the FSA methodology is shown in Fig. 10.8, assum- 
ing that GaAs based devices are to be integrated on a silicon substrate. Initially, 
the optoelectronic device structure is grown on top of an AlAs etch stop layer on 
the GaAs wafer. Next, a photoresist is used to define the square tops of the devices 
and ion milling is used to produce trapezoidal GaAs mesas by etching the wafer 
down to the AlAs etch-stop layer. Square size can vary from several microns to a 
few hundreds of microns, depending on the actual device, while the height of the 
mesas is equal to the thickness of the epitaxial layers (about 10 pm). The sidewall 
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angles of the mesas are 65°. The required gold bottom contacts of the devices are 
fabricated using standard III-V processing steps. After metallization, the wafer 
containing the mesas is bonded on an intermediate substrate with a high- 
temperature wax to fill the gaps between the mesas. Then the GaAs substrate is 
removed by lapping down to 50 pm and by chemical etching down to the AlAs 
etch-stop layer. The remaining AlAs is removed by an HF solution. Gold rings are 
made on the exposed surface of the devices after a planarizarion step. Finally, the 
wax is dissolved to release the blocks. A silicon nitride mask is then used to define 
the openings of the holes, which act as receptors, on the silicon substrate and a 
KOH-based anisotropic etchant is used to produce trapezoidal sidewalls of ap- 
proximately 10 pm depth. The etching exposes the {111} planes of the silicon 
which are oriented at 54.7° with respect to the {100} surface. The blocks are dis- 
pensed in the ethanol carrier fluid over the silicon substrate and are sited into the 
holes. After drying the fluid, the blocks are attached to the substrate by Van der 
Waal’s forces. 

Bonding materials, such as indium, can be deposited in the holes to provide 
stronger bonding. Prior to any subsequent processing of the attached devices, it is 
necessary to apply a process for filling the gap caused by the angle inequality be- 
tween the sidewalls of the GaAs blocks and the holes on the Si substrate. Simple 
FSA can lead to high (higher than 50%) local yield but leads to low wafer-level 
yield (less than 10%). Techniques for yield enhancement (over 90% for the whole 
wafer) include recirculation of the unattached blocks as well as acoustic vibration 
and strong fluid flow for removal of not properly placed blocks. Block size, carrier 
fluid and surface material play an important role in the yield. For example, large 
blocks having sizes in the millimeter range fill with almost 100% yield while 
small blocks tend to stick on the substrate surface. In addition, GaAs blocks ad- 
here on the plain Si surface better than on the Si0 2 surface. A complete FSA proc- 
ess of GaAs OE on Si has already been demonstrated [28]. This FSA process em- 
ploys polyimide and Si0 2 to fill the gap between the sidewalls of the holes and the 
blocks and to planarize the surface. The process-flow includes electrical intercon- 
nection of the III-V OE devices. The simple FSA process described above suffers 
from two weaknesses: (1) the initial adhesion of the blocks relies on weak forces 
resulting from gravity and (2) the position selectivity depends exclusively on the 
geometry of the blocks and the hosting holes. 

Inspired from nature’s self-assembled systems, a DNA-assisted micro-assembly 
process has been developed [29]. It relies on stronger coulomb forces for bonding 
and complex DNA-based selectivity. The initial steps of the DNA assisted micro- 
assembly, i.e. the preparation of the host substrate and the development and re- 
moval of the devices from the mother substrate, are identical to those applied to 
the simple FSA. Additional non-standard (in semiconductor manufacturing) proc- 
essing steps are required for (a) the synthesis of complementary DNA strands, (b) 
the attachment of the DNA molecules on the devices and the host substrate, and 
(c) the patterning of the DNA on the substrate. Techniques for the attachment of 
different DNA strands at different locations of the substrate can be used to enable 
the simultaneous integration of different types of devices on the host substrate in a 
single step. Then, using simple fluidic transport, as in the FSA approach, or elec- 
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torphoretic directed transport, the hybridization of the system is achieved. The fi- 
nal step is the removal of the insulating organic materials, between the blocks and 
the substrate, in order to form the required electrical contacts. 
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Fig. 10.8. Schematic representation of the fluidic self-assembly, (a) Metalized trapezoidal 
mesas on GaAs substrate, (b) mesas covered by wax after substrate removal, (c) mesas flow 
in carrier fluid and attach in host substrate holes, (d) final system after processing of de- 
vices and metal interconnections 



In the electric field directed assembly approach [30], electrophoretic forces are 
employed for the movement of the devices within the buffer solution and their 
consequent placement on the host substrate. Special electrodes are designed on the 
host substrate surface, which are biased during the FSA assembly to a specified 
voltage in order to attract the floating dies to the desired pre-metalized positions. 
Symmetrical devices with coplanar contacts should be used. After placement, 
heating of the assembly to form the electrical contacts is required. The successful 
integration of an InGaAs LED on a silicon substrate has been demonstrated [30]. 

An alternative approach for the integration of compound semiconductor devices 
with silicon-based circuits, called magnetically assisted statistical assembly 
(MAS A), has been developed at MIT [31]. The MAS A technique has some com- 
mon features with the above-described self-assembly methods and differs in some 
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points. Hence, in the MASA technique, the compound semiconductor wafer is pat- 
terned into an array of cylindrical nanopills rather than into actual devices. A 
strong magnetic material (e.g. Co-Pt) is deposited, patterned, and magnetized, 
normal to the surface, in the bottom of the holes opened on the host substrate, and 
a thin layer of nickel is deposited on one face of the nanopills. Subsequently, the 
nanopills are flooded over the substrate and fill the recesses, attracted by the mag- 
netic force, with a yield approaching 100%. After the assembly of the nanopills a 
planarization step is required before the final step of photolithographic processing 
and interconnection of the devices. A significant advantage of the processing of 
the devices after assembly is that the alignment accuracy depends on standard 
lithographic techniques and not on the nanopill alignment itself. 



10.7 Concluding Remarks 

A number of technologies for the high-density integration of III-V OE with 
CMOS VLSI circuits have been investigated so far, and some very appealing III— 
V OE-CMOS subsystems have already been demonstrated. However, there is still 
plenty of room for creative improvements in the field, which would further en- 
hance the integration-density and enable high-volume production and low fabrica- 
tion costs. The advances that are being accomplished would result in systems with 
increased functionality and synergetic exploitation of the electronic and photonic 
technologies. 

As the related technologies evolve and mature, it is anticipated that high- 
density intimate combinations of electronics with photonics will become feasible, 
thus enabling, the creation of fundamentally new systems to meet the forthcoming 
needs for high-functionality and very intensive signal-processing applications. 
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11 Layer Transfer by Bonding and Laser Lift-Off 



T.D. Sands, W.S. Wong, and N.W. Cheung 



11.1 Introduction 



11.1.1 Overview 

Monolithic integration by sequential deposition, lithographic patterning, and 
etching of metal, dielectric and semiconductor thin films has been the dominant 
manufacturing scheme throughout the history of the integrated circuit. This 
manufacturing paradigm has been adapted to the fabrication of Micro-Electro- 
Mechanical Systems (MEMS), active-matrix displays, read/write heads for disk 
drives and optoelectronic devices. Although this single-substrate approach is 
scalable and inherently cost-effective, there are some materials systems, 
functionalities and device designs that cannot be realized in this manner. The ideal 
growth substrate for a specific thin-film heterostructure may not be the ideal 
substrate from the standpoint of heat extraction, mechanical properties, 
thermomechanical behavior, optical transparency, electrical conductivity or 
chemical compatibility. In these cases, the growth substrate must be removed, 
although it is not always practical to do so by mechanical or chemical means 
alone. In the longer term, it may be desirable to integrate thin-film heterostructures 
grown separately on several growth substrates onto a single platform. As IC 
scaling approaches an era of saturation, the focus is gradually turning to the 
challenge of intimately integrating a broad spectrum of high-performance 
materials to enhance the functionality of microsystems. The ability to transfer 
thin-film hetero structures from one substrate to another is central to both advanced 
packaging and heterogeneous integration. 

In this Chapter, the application of pulsed lasers to the separation of nitride and 
oxide heterostructures from their growth substrates is described. The basic process 
as illustrated in Fig. 11.1 involves the irradiation of an interface between an 
absorbing film and a transparent substrate using a short laser pulse, usually of 
nanosecond duration, directed through the transparent substrate. The laser 
wavelength must be chosen so that the photon energy is between the band gap 
energies of the substrate and of the interfacial thin film. This technique, often 
referred to as "laser lift-off’ (LLO), was first demonstrated in the GaN/sapphire 
materials system by Kelly and coworkers [1] using the third harmonic of a Nd- 
YAG laser at a wavelength of 355 nm. Subsequent development of the technique 
with more powerful lasers at shorter wavelengths (e.g. KrF excimer lasers at 248 
nm) revealed the utility of this method for the rapid separation and transfer of 
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(In,Ga)N device heterostructures without sacrificing device performance [2-8]; in 
some cases, the device performance was shown to be enhanced [9-10]. As 
unsupported thin-film membranes are generally not sufficiently robust to permit 
handling, the transfer of heterostructures from one substrate to another 
necessitates a bonding step prior to the separation process. This chapter thus 
considers the entire "paste-and-cuf ’ process. 




Fig. 11.1. Schematic illustration of the laser lift-off process, (a) A single pulse from a 
nanosecond laser is directed through the transparent substrate, (b) The laser energy is 
absorbed in the film with a characteristic length of 1 la opt , where a opt is the absorption 
coefficient in the film at the laser wavelength, (c) The extent of heat conduction away from 
the interface is characterized by the thermal diffusion length, A, evaluated at the end of the 
laser pulse. A is greater than 1 !a opt for UV nanosecond lasers interacting with most 
materials 

The remainder of Sect. 11.1 provides a perspective on layer transfer and the 
niche for LLO. Sect. 11.2 reviews the thermal, mechanical and chemical behavior 
of solids during pulsed laser irradiation. Process flows for transferring thin films 
by LLO are outlined in Sect. 1 1.3, including a discussion of bonding methods that 
have proven to be compatible with LLO. The application of LLO layer transfer to 
specific materials systems is discussed in Sect. 1 1 .4, and the impact of LLO layer 
transfer on device performance is highlighted in Sect. 11.5. Issues associated with 
the scale-up of LLO for manufacturing are addressed in Sect. 11.6, and the 
prospects for further development are analyzed in Sect. 1 1.7. 



1 1 .1 .2 Layer T ransfer and the Materials Integration Hierarchy 

In combining two or more classes of materials in a microsystem, there is generally 
a trade-off between the degree of integration and the quality of the materials as 
illustrated in Fig. 11.2. At the lowest level of integration, one materials system 
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may be interconnected to another via wire bonds between the two substrates, or by 
mounting the two substrates on a printed circuit board. In this case, the growth 
substrates may each be chosen to optimize the quality of the active device 
materials deposited upon them. At the other extreme, two classes of device 
materials may be intimately integrated at the nanoscale level to provide 
functionality and scaling potential that could not be achieved by wire bonds or 
conventional lithographically-defined interconnects. In this latter case, though, it 
is essential that the two classes of functional materials be chemically, thermally 
and mechanically compatible. If the two classes of materials are not compatible, 
the quality of one or both of the materials will suffer. 

Approaches to integration of Heterogeneous 
Epitaxial Materials and Devices 

Wire bonding of discrete devices Jjj 
Printed circuit boards jfilj I ItlL 
I Flip-chip bonding; Multi-chip modules ij 

Increasing Direct wafer bonding lnc wf in ^ 
deMeof . quMBof 

integration/ Thin -film lift-off and transfer constituent 

co m p fe x tty Heteroe p i ta xy m ateria l s 

"(Jr Nanocomposites 

Fig. 11.2. Hierarchy of heterogeneous integration methods illustrating the trade-off between 
materials quality and degree of integration 

In order to illustrate these trade-offs, consider the example of integrating III-V 
semiconductor light-emitters for free-space interconnection, with complementary 
metal-oxide-semiconductor (CMOS) silicon to provide information processing 
and control functions. Useful devices in both materials systems require 
semiconductor material that is nominally free of extended defects. If a high level 
of integration is desirable from a cost and performance perspective, e.g. several 
III-V light-emitting diodes (LEDs) interconnected with CMOS circuitry on each 
die - then wire bonding is not practical. The highest degree of integration could be 
achieved by selective epitaxial growth of nominally defect-free III-V 
hetero structures within defined growth windows on the silicon substrate. Ideally, 
the CMOS circuitry adjacent to the growth windows would be complete, including 
the necessary levels of interconnect metallization. Conventional Al-metallized 
CMOS cannot withstand temperatures above 450°C, and therefore the direct 
growth of III-V materials on such a substrate at the typical growth temperatures of 
about 600°C would be precluded. Even with the temperature constraint eliminated, 
as is the case for heteroepitaxy of a III-V semiconductor on a bare silicon 
substrate, the mismatches in lattice constants, symmetry, and coefficients of 
thermal expansion, result in III-V material that is not generally suitable for high- 
performance lasers, light-emitting diodes or minority carrier electronic devices. To 
achieve the integration of such high-performance III-V devices with silicon 
substrates by epitaxy requires the growth of thick, graded Si-Ge buffer layers [11], 
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a process that complicates the subsequent lithographic steps necessary to complete 
the CMOS circuitry. 

A possible solution to this dilemma is to sacrifice the degree of integration for 
materials quality. A III-V light emitter, e.g. an (Al,Ga)As LED heterostructure 
grown on a GaAs substrate may be separated from the substrate via selective 
etching of an AlAs sacrificial layer, without any significant loss in LED 
performance. This layer transfer technique, known as epitaxial lift-off (ELO), has 
been used to demonstrate high-performance optoelectronic devices on virtually 
any substrate [12]. The III-V device layers, or even individual devices, may be 
transferred via transport in a fluid using complementary shapes or electrostatic 
forces for alignment, and metal bonding pads for ohmic interconnection. Although 
this layer transfer method is inherently superior to the direct deposition approach 
in terms of device performance, the etching time and assembly yield are 
challenging problems that must be overcome to make the sacrificial-layer transfer 
approach cost effective. 

Although the details differ from example to example, the basic trade-off 
between degree of integration (cost) and materials quality (performance of 
individual devices) is common to all examples of microsystems that necessitate 
the integration of disparate materials classes. Layer transfer is certainly not a 
substitute for conventional deposition, lithography and etching when it is possible 
to achieve the necessary device performance in this manner. However, layer 
transfer may prove to be an optimal compromise when a compact package is 
desirable, yet the materials systems cannot be integrated with sufficient quality by 
direct deposition onto a single substrate. 



11.1.3 Layer T ransfer for Device Packaging 

An important subset of the spectrum of materials integration challenges are those 
in which the desired growth substrate hinders the performance of the device 
heterostructure grown upon it. For example, the new generation of bright amber 
and red LEDs is based on (Al,Ga,In)P hetero structures lattice matched to GaAs 
substrates. The GaAs substrate absorbs the visible light, however, limiting the 
device efficiency. The solution has been to remove the GaAs substrate and bond 
the heterostructure to a transparent GaP wafer at high temperature and pressure 
[13]. In another example, sapphire is the preferred growth substrate on the basis of 
cost and availability for GaN-based electronic and photonic devices. Attempts to 
grow GaN directly on silicon have met with some success [14-15], although high- 
performance LEDs and diode lasers grown on silicon may be difficult to realize 
due to a high defect density. Silicon carbide is an attractive alternative, except that 
substrate cost and dicing cost have inhibited progress with this substrate material. 
Despite the success with sapphire, it has relatively poor thermal conductivity and 
is electrically insulating. Furthermore, sapphire is difficult to dice since it is hard 
and does not cleave easily. Hence, it is desirable, especially in the case of the 
highest performance devices (e.g. diode lasers or high-electron-mobility 
transistors), to remove the sapphire substrate and transfer the device 
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heterostructure to a substrate with superior thermal, mechanical or electrical 
properties. Removal of the substrate also exposes the backside of the 
heterostructure, allowing for the implementation of “active packaging” schemes 
[16] including backside ohmic contacts to reduce series resistance and reflective 
surface coatings to enhance the external quantum efficiency of light-emitting 
devices (see Sect. 11.5). It is in this later example where the LLO layer transfer 
technique has proven to be an attractive alternative to mechanical grinding or 
chemical dissolution of the growth substrate. 



11.1.4 Layer Transfer as a Materials Integration Tool 
for Enhanced Microsystem Functionality 

Beyond packaging, layer transfer can, in principle, enable the assembly of 
microsystems with enhanced functionality through the intimate three-dimensional 
integration of thin-film materials. Although the most obvious benefit of such 
integration is in the fabrication of more compact, higher performance 
microsystems, it is conceivable that layer transfer could also lead to microsystem 
architectures with functionality that would not be possible with a lower level of 
integration. An example would be the integration of LEDs with thin-film II-VI 
optical filters, Si-based photodetectors, and disposable polymer microfluidics. 
Such an integrated system has been proposed and prototyped for applications in 
compact fluorescence detection-based bioanalytical microsystems [17]. The 
addition of LED/filter combinations at different wavelengths along the same 
microfluidic channel would add functionality that cannot be realistically integrated 
by heteroepitaxy on a single growth substrate. 



1 1 .1 .5 Criteria for Layer Transfer Techniques 
as Manufacturing Processes 

As with any manufacturing process, layer transfer must be scalable and rapid with 
high yield and process repeatability. The process must involve a minimum of 
manual wafer handling, and the exposure of critical features to excessive 
temperature, shock, etchants and corrosive materials must be kept within 
prescribed limits dictated by the properties of the least robust of the materials to be 
integrated. Despite many successful device-level and wafer-scale demonstrations, 
it is the jump from a laboratory demonstration to a viable manufacturing process 
that is presently the most daunting challenge in the implementation of layer 
transfer methods. Several of the issues encountered in the development of LLO 
processes for manufacturing are highlighted in Sect. 1 1.6. 
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11.1.6 Advantages and Disadvantages of Laser-Based Layer 
Transfer Methods 

Laser-based layer transfer methods generally do not require exposure to 
aggressive chemical environments and may be insensitive to the processing 
ambient. Pulsed laser irradiation also limits the heating to a controlled volume of 
material defined by the irradiation area and the thermal diffusion length (see Sect. 
11.1 below). With nanosecond pulses from high-power lasers, large areas can be 
processed by stepping a wafer under the beam with steps ranging from 1 mm to 1 
cm in both dimensions. For example, a typical excimer laser utilized for a single- 
pulse process such as LLO can irradiate a 7 mm x 7 mm area at 50 Hz. Thus, a 
six-inch wafer could be fully exposed in several seconds, provided that the wafer 
stepping rate is not inertia-limited. Compared to processes that require ion 
implantation, laser-based processes are relatively rapid and do not require 
irradiation through the material that will comprise the active region of the device. 
Compared to sacrificial layer methods, laser-based layer transfer processes are 
faster and generally do not require prolonged exposure to liquid etchants that 
might attack metallization or dielectrics applied prior to the layer transfer step. 

The disadvantages of laser transfer processes include the requirement that the 
substrate be a window to the incident laser light. Laser-based processes are also 
sensitive to the homogeneity of the beam and to the condition of the entrance 
surface. Perhaps most challenging are the mechanical, thermal and optical issues 
related to pulse overlap and pulse edge effects. Many of the problems related to 
laser stability and cost of ownership have been diminished in recent years due to 
technological improvements in pulsed laser systems. 



1 1 .1 .7 Comparison of Laser Lift-Off to Other Laser-Based Material 
Transfer Techniques 

Optically selective laser processing for thin-film layer transfer was demonstrated 
in 1986. The laser-induced forward transfer (LIFT) method was first introduced by 
Bohandy and co workers as a method for direct writing of metal lines from a metal 
film supported on an optically transparent substrate [18]. An excimer laser pulse 
was directed through the transparent substrate, causing lift-off and transfer of the 
metal thin film by a thermal ablation process at the thin-film/substrate interface 
[19]. In this case, a 15 ns pulse at a wavelength of 193 nm was focused through a 
fused silica substrate onto the interface of a copper film. The trapped hot vapor at 
the irradiated interface propelled the ejected material onto the target, positioned ~ 
10 pm from the film surface. The process was used to successfully “write” 0.41- 
1 .2 pm thick copper films with a linewidth of ~40 pm. The authors were not able 
to detect any impurities in the transferred copper films, which were also reported 
to pass a “tape adhesion test.” 

The LIFT process has also been applied to high-temperature superconducting 
thin films [20]. The first demonstration of laser-induced material transfer of 
hydrogenated thin-film silicon (a-Si:H) was reported by Toet et al [21]. This 
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spatially selective LIFT process was used as a maskless patterning technique to 
define features onto a target substrate. The fundamental mechanism for this 
transfer process was described to be the explosive effusion of hydrogen caused by 
the rapid melting of a-Si:H thin films during pulsed laser irradiation through the 
transparent backside support [22]. The hydrogen-assisted LIFT process has also 
been used to fabricate poly-Si thin- film transistors (TFTs) “printed” from an a- 
Si:H film on a quartz substrate support [23]. Another group has used a similar 
technique to transfer a-Si:H based TFTs onto polymeric substrates for flexible 
display applications [24]. 

Laser processing of a GaN thin film was reported by Kelly et al. [25], who 
performed pulsed laser-assisted thermal etching using the third harmonic of a Q- 
s witched Nd:YAG laser. The 355 nm radiation yields photons with energy just 
above the GaN bandgap; the absorbed laser energy is converted to heat that 
decomposes GaN into metallic Ga and N 2 gas. Wong et al. [26] also reported 
pulsed UV laser processing using a KrF excimer laser at 248 nm, well above the 
absorption edge of GaN. They utilized the transparency of the sapphire substrate 
and AIN capping layers to allow laser processing at higher fluences, without 
degrading the GaN thin film. 

The recognition by Kelly and coworkers [1] that the transparency of sapphire 
and the thermal decomposition of GaN could be combined to separate GaN thin 
films from sapphire substrates led to the first successful demonstration of the lift- 
off of thin (~5 pm) GaN films from sapphire. The release of the GaN thin film 
was due to the explosive ejection of the film during decomposition caused by the 
localized laser irradiation. Note that the laser lift-off method differs from LIFT in 
that only the absorbing material at the interface undergoes melting or 
decomposition. 

A two-step laser lift-off process, first reported by the group at UC Berkeley 
[2,27,28], demonstrated the use of laser-induced thin- film separation incorporating 
an intermediate decomposition layer for post-exposure separation of GaN thin 
films from sapphire. First, the localized irradiation through the sapphire substrate 
causes the decomposition of the GaN at the GaN thin-film/sapphire-substrate 
interface. The film is subsequently separated by heating the post-irradiated sample 
above the melting point of the decomposed interface (typically at the Ga melting 
point, T m =30°C). A key advantage of the two-step technique is the ability to 
separate the thin film from its host platform after laser processing, allowing a 
more controlled lift-off process. A more controlled method is especially 
significant when transferring device structures that are particularly sensitive to 
cracking caused by an explosive expulsion. 
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11.2 Optical, Thermal, Mechanical and Chemical 
Responses to Pulsed Laser Irradiation of Solid Interfaces 



1 1 .2.1 Review of Pulsed Laser Interactions with Solids 

The interaction of pulsed monochromatic light with a solid absorbing medium is 
characterized by two length scales. The first is the optical absorption length, which 
is the reciprocal of the optical absorption coefficient, a opt . The value of 1 /o^ pt ma Y 
vary from tens of microns for an indirect-gap semiconductor at a photon energy 
just above the bandgap, to tens of nanometers for a photon energy well above the 
minimum direct bandgap. The second pertinent length scale is the thermal 
diffusion length, evaluated at t = t, where T is the pulse duration. Assuming 

temperature-independent thermal properties, A r is given by ^4D th T . The thermal 
diffusivity, Ah, in units of m 2 /s is given by D th = icj pC p , where C p is the specific 

heat at constant pressure in units of J kg -1 K -1 , p is the density is units of kg/m 3 , 
and a: is the thermal conductivity in units of W m -1 K -1 . This thermal diffusion 
length evaluated at t = T is only meaningful for pulse lengths longer than tens of 
picoseconds since the dissipation of the electronic excitation energy via generation 
of lattice vibrations, or phonons, occurs in the picosecond timescale. Although 
ultrafast (sub-picosecond) laser processing represents a promising area for future 
study, this regime will not be considered further in this chapter. 

The larger of the two length scales, l/^ pt and A r , determines the approximate 
interaction depth. It is straightforward then, to estimate the temperature rise in the 
interaction volume with knowledge of the heat capacity, the incident pulse 
fluence, F 0 [J/m 2 ] and the reflectivity, R , at the laser wavelength. If the 
temperature rise is sufficient to induce melting, then the heat of fusion (melting) 
must be absorbed in the interaction volume before the temperature can increase 
further. Likewise, the heat of vaporization must be accounted for once the target 
reaches the boiling point. Using typical properties for materials with direct 
bandgaps well below the laser photon energy in this crude estimation, it is 
apparent that the interaction volume will be determined by A r and not l/c^ pt for 
pulse lengths longer than a nanosecond. For a pulse length of 10 ns, A T will be on 
the order of 100 nm to 1 pm for most materials of interest, and a fluence of 0.5 
J/cm 2 will be sufficient to induce a temperature rise on the order of 1000°C. The 
corresponding peak power density is about 50 MW/cm 2 . Based on these 
straightforward estimates, the potential utility of pulsed laser processing becomes 
apparent: very high peak temperatures can be achieved with very small energy 
input into volumes that are small, and well defined laterally and in depth. 
Compared to rapid thermal processing by lamp heating at the second timescale, 
the interaction volume in a pulsed laser process can be reduced by about four 
orders of magnitude. The obvious applications are in the generation of ultra- 
shallow junctions in semiconductors, and in the thermal processing of thin films in 
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close proximity to less thermally robust substrates such as polymers, metals or 
glass. 

The description of the interaction volume with a step-profile temperature 
distribution is clearly not appropriate for modeling of the temperature evolution as 
a function of depth. Assuming temperature-independent materials properties, 
absorption at the surface (i.e. l/cr 0/ ^«A r ), no phase changes, no convection and no 
radiative loses, the temperature evolution as a function of depth and time during a 
laser pulse incident on a solid target surface is given by the one-dimensional heat 
conduction equation: 



dT{z,t)_ n d 2 T{z,t) ( 1U ) 



The surface laser heating is included in the boundary condition, 



- k- 



dz 



= (\-R)I(t ), 



z = 0 



( 11 . 2 ) 



where I(t) is the incident laser power density in units of W/m 2 . A second boundary 
condition is T{x,o) = T ambient . 

If the instantaneous power of the laser pulse is constant during the pulse 
( I Q -F 0 /r for 0 < t < t ) and if the target is semi-infinite in z, then the spatial and 
temporal profile of the temperature rise is given by 
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and the time evolution of the surface temperature rise during the laser pulse is 
given by 



F 



AT(0,t) = - g - (l - R) 

T V 7TKpC p 



4 1 



(11.4) 



where A T(z, t ) = T(z, t) - T ambient . 

Analogous expressions can be obtained during cooling for t > r . A more 
accurate result can be obtained by using a triangular or Gaussian pulse shape, and 
by including a finite optical absorption length. Furthermore, if the temperature- 
dependent material properties are known, finite difference methods can be used to 
numerically calculate the temperature evolution. The utility of such calculations 
must be evaluated in the context that the thermal conductivity, /r, can vary 
considerably with dislocation and grain boundary density. A decrease by a factor 
of four in the thermal conductivity corresponds to a factor of two increase in the 
surface temperature during the laser pulse. Consequently, the materials properties 
of the particular material being modeled must be well characterized in order to 
justify the use of temperature-dependent materials properties. 
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A final consideration that is important at very high instantaneous power 
densities is the generation of a plasma. If a plasma is formed either in the ambient 
gas or as a result of light interaction with a plume of target vapor, the subsequent 
interaction of the laser pulse with the target will be modified. The absorption of 
the light by free electrons in the plasma (inverse bremsstrahlung) will shield the 
target surface. At the same time, rapid energy absorption in the plasma will 
produce a back-pressure on the target surface. These interactions are difficult to 
model accurately. However, such behavior is usually not significant at the 
instantaneous power densities used for laser processing below the congruent 
vaporization threshold. 



1 1 .2.2 Coupling of Light into T ransparent Media 

The Laser Lift-off process is characterized by the irradiation of a buried absorbing 
interface through a transparent substrate. Efficient coupling of the light into the 
interface and homogeneity of the fluence at the interface are essential to 
developing a reproducible LLO process. In choosing and preparing a substrate for 
LLO, an important criterion is that the absorption in the substrate at the laser 
wavelength should be negligible. At the wavelengths of 248 nm (KrF excimer), 
308 nm (XeCl excimer) and 355 nm (third harmonic of Nd-YAG), absorption in 
optics-grade sapphire is negligible. Fused silica and quartz are also suitable 
substrates. Magnesia (MgO) is acceptable, although the absorption in thick MgO 
substrates at 248 nm may be significant due to color centers [29]. 

Also of concern are the interference effects associated with multiple internal 
reflections in the substrate, diffraction from particles or defects on the entrance 
surface, and electric field enhancements associated with reflections from scratches 
or subsurface cracks. For example, maxima in transmission intensity through a 
dielectric substrate at normal incidence are expected for substrate thicknesses that 
are multiples of X Q /2 n where X Q is the vacuum wavelength and n is the substrate’s 
index of refraction. Substrate thickness changes of a small fraction of the laser 
wavelength over the area of the beam can therefore have a significant effect on the 
intensity of the light absorbed at the interface. Figure 11.3 is a micrograph of a 
GaN film after lift-off from a double-sided polished sapphire substrate. The 
contrast is caused by differing amounts of metallic gallium due to intensity 
variations at the interface during the laser pulse. Diffraction rings from a defect on 
the substrate entrance surface, as well as replicas of substrate surface scratches can 
be seen. All of these effects are reduced by employing an external beam 
homogenizer that destroys the coherence of the beam by dividing the beam into 
beamlets that experience a distribution of path lengths and angular deflections. 
These interference effects are also effectively mitigated by appropriate texturing 
of the substrate entrance surface prior to LLO. Particle ablation ("sand-blasting") 
provides a textured entrance surface that eliminates the spatially correlated effects 
of polishing scratches. Texturing may also enhance the coupling of light into the 
substrate. 




Layer Transfer by Bonding and Laser Lift-Off 387 



1mm 



Fig. 11.3. Micrograph of GaN surface exposed by LLO of a GaN film from a double-side 
polished sapphire wafer. Diffraction from defects on the polished sapphire entrance surface 
leads to periodic variations in the distribution of Ga droplets reflecting variations in local 
fluence. (Image by courtesy of Yonah Cho, UC Berkeley) 



11.2.3 Pulsed Laser Interactions at Interfaces between Transparent 
and Absorbing Media 



Thermal Behavior 

Pulsed laser heating of a buried interface differs from the case of heating of an 
exposed absorbing surface (Sect. 1 1.2.1) in the following aspects. First, reflection, 
absorption, scattering and interference effects due to the transparent substrate will 
generally reduce the fraction of incident energy that is absorbed. Secondly, the 
heat produced by relaxation of excited carriers in the film near the interface will 
be conducted both into the film and into the substrate. The net effect is that 
substantially higher incident power is required to reach a given interface 
temperature than in the case of the exposed absorbing surface. For GaN/sapphire, 
the equivalent fluence for laser heating through the substrate is approximately 
50% higher than that required for heating of an exposed GaN surface. For 
example, using a 248 nm KrF excimer pulse of 38 ns duration, fluences of 0.6 and 
0.4 J/cm 2 are required to yield a peak temperature increase of 1000°C for buried 
and for exposed GaN surfaces, respectively [6,30]. 

The temperature evolution may be calculated by the method described in Sect. 
1 1.2.1, with the additional boundary conditions that (i) the temperature converges 
to the same value as the interface is approached from both sides and (ii) the ratio 
of the magnitudes of the temperature gradients evaluated on either side of the 
interface is equal to the inverse of the ratio of the thermal conductivities. These 
boundary conditions are not valid if there is a significant thermal boundary 
resistance associated with, for example, acoustic impedance mismatch, or an 
interfacial phase. Although this simple model presumes that the laser energy is 
absorbed precisely at the interface, the energy is actually absorbed primarily 
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within an optical absorption length of the interface on the absorbing side, and any 
boundary resistance term results in a higher temperature on the absorbing side of 
the interface. 

An example of a calculation of the temperature evolution in the vicinity of the 
interface between semi-infinite slabs of GaN and sapphire is shown in Fig. 11.4. 
Note that the peak temperature is reached at the interface at the end of the 
simulated ’’square" laser pulse. The temperature decays rapidly after the end of the 
pulse, and in both directions during and after the pulse. A peak temperature rise of 
about 1000°C can thus be achieved without appreciable heating of the GaN 
material that is more than a few thermal diffusion lengths away from the interface. 




Fig. 11.4. Calculated temperature distribution as a function of time and temperature during 
irradiation of a GaN/sapphire interface with a 38 ns pulse from a 248 nm laser at a fluence 
of 600 mJ/cm 2 incident on the sapphire entrance surface (after [6]) 



In a real film/substrate combination, the substrate may be taken to be semi- 
infinite, but the finite thickness of the film must be considered if the film thickness 
is less than several times the thermal diffusion length, A r . The calculation of the 
temperature profile for a film of finite thickness involves a summation of 
complementary error functions. Modeling is further complicated by the 
incorporation of the series thermal resistances associated with any bonding layers. 
If the thermal resistance of the bonding layer is high, as in the case of a polymeric 
bond, and if the substrate is separated from the film during the laser pulse, one can 
roughly estimate the temperature rise in the film by assuming that a fraction of the 
absorbed energy resides in the film after separation, and that the temperature 
equilibrates rapidly within the film. Such a simple estimate is useful in 
determining the minimum film thickness that will provide sufficient heat capacity 
to ensure that the temperature of the interface to the polymeric bonding layer does 
not exceed the decomposition temperature of the polymeric material. This 
represents a practical minimum film thickness for LLO (see Sect. 1 1.3.3). 
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A further complication is that these models do not account for phase changes in 
the film or at the interface. In principle, it is possible to explicitly include such 
effects in numerical models, although simple estimates usually suffice. 

Thermomechanical Behavior 

During the laser heating of a buried interface, biaxial compressive stresses are 
generated at the interface due to thermal expansion constrained by the bulk of the 
substrate, which is not appreciably heated, and by the unheated portion of the 
overlayer. This transient strain energy can, in principle, contribute to the 
delamination of the film from the substrate, as discussed in Sect. 11.4.1. With 
knowledge of the elastic moduli (e.g. Young's modulus, Y, and the Poisson ratio, 
v, if assumed to be elastically isotropic) and the thermal expansion coefficients, 
(Xcte, of the film or substrate, the peak stored transient elastic strain energy per 
unit area, E transient (t), in either the film or the substrate of thickness h can be 
estimated as 

y „2 h (11.5) 

E transient (?) = J^-f-\W(z, T)fdz 

where A T(z,r) = T(z,r)-T ambient , and T(z,t ) is the temperature profile at the end of 
the square laser pulse as given in (11.3). Numerical methods can be used to 
enhance the accuracy of the calculation if the temperature dependencies of the 
material properties are known. The elastic boundary conditions should also be 
adapted to the particular situation being simulated. For example, using a finite 
element approach to calculate the stress profile evolution during LLO of GaN 
from sapphire, Wong calculated a peak stress of -7.6 GPa at the end of a 38 ns 
laser pulse for a fluence of 600 mJ/cm 2 [30]. 

The transient thermoelastic strain energy is in addition to any strain energies 
associated with residual stress from film growth or cooling after growth. The 
residual strain should be added to the transient strain before calculating the total 
strain energy. However, the fact that the transient strain is localized and relatively 
large in magnitude justifies the approximation implicit in the direct addition of 
strain energies. 

Acoustic Impedance Mismatch 

The transient thermoelastic stress impulse at the interface will launch compressive 
stress waves that propagate away from the interface and into both the film and the 

substrate at the speed of sound. The speed of sound is given by v = ^ Jc/p , where c 

is the appropriate combination of elastic stiffness coefficients. The reflection of 
thermoelastic waves from the interfaces is governed by the mismatch in the 
characteristic acoustic impedances of the two materials [31]. The acoustic 
impedance of a material, Z, is equal to the product of the mass density and the 
speed of sound, pv. When a thermoelastic compressive wave impinges on an 
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interface with a material of lower characteristic acoustic impedance, the reflected 
wave will be tensile in nature. Since most ceramic materials have low tensile 
fracture strengths, the tensile wave can induce cracking in the film and may 
contribute to delamination. If the tensile wave arrives back at the interface after 
the compressive wave has dissipated, its effect will be maximized. Tavernier and 
Clarke have also argued that an interfacial delamination driven by thermal 
decomposition to a vapor product might grow as a result of the combined effects 
of internal pressure and the tensile crack-opening stress [32]. At present, the 
effects that might be attributed to acoustic impedance mismatch are difficult to 
disentangle experimentally. From a process design viewpoint, mounting the 
heterostructure with materials of either higher acoustic impedance, or strong 
acoustic damping properties will mitigate or eliminate the effects of tensile 
reflected stress waves. 

Decomposition , Melting and Vaporization at Buried Interfaces 

The LLO process generally involves the transient thermal decomposition of 
material at the interface. This decomposition can reduce the work of interface 
adhesion such that mechanical forces from vapor expansion, stored residual stress, 
transient thermomechanical stress, or mechanical stress applied subsequent to 
cooling may affect delamination. Materials that have been successfully 
delaminated from their growth substrates include oxides and nitrides that are 
characterized by either (i) congruent boiling points at temperatures no higher than 
about 1000°C, or (ii) incongruent vacuum decomposition temperatures no higher 
than about 1000°C. In the latter case, successful LLO can be expected if one of the 
products of the decomposition is a low melting point metal such as Ga or In. 
Preliminary attempts to perform LLO in zinc blende III-V arsenide or phosphide 
systems using pulsed lasers of appropriate wavelengths have not resulted in 
successful delamination of blanket films, presumably because of the relatively 
high reactivity of any arsenic or phosphorus molecular vapor with the elemental 
group III metals, and the lack of appreciable residual stress to assist the separation 
[33]. In contrast, molecular oxygen and nitrogen are sufficiently stable to inhibit 
the reverse reaction. 

Much evidence (e.g. for GaN, see Sect. 11.4) suggests that the thermal 
decomposition process is nucleated heterogeneously, producing a penny-shaped 
delamination. The heated vapor produces a transient hydrostatic pressure on the 
internal walls of the delamination. If the peak crack-opening stress is sufficient to 
propagate the crack to a diameter comparable to or greater than the unsupported 
film thickness, then this mechanism alone may be responsible for film separation. 
The analysis of such a mechanism is complicated by the fact that the internal 
pressure should dissipate rapidly after the peak of the laser pulse, and as the crack 
volume grows. For the case of GaN decomposition at a GaN/sapphire interface 
during LLO, Wong estimated a relatively modest peak N 2 pressure of ~ 85 MPa 
corresponding to a temperature of 1000°C [30]. A more detailed calculation 
indicates that the N 2 pressure can become significant at fluences that are 
significantly higher than the minimum necessary to induce decomposition [32]. 
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The impact of the decomposition pressure on the LLO mechanism depends on the 
mechanical constraints discussed in the following section. 

Failure Mechanics 

Presuming an unsupported film and a laser spot of finite diameter, the mechanics 
of failure can be described qualitatively by simple models [30,32]. If the film is 
under biaxial residual compressive stress o res prior to lift-off, the decomposition of 
the interface can be accompanied by film buckling if the diameter of the 
delaminated region exceeds d crit as given by [32,34]: 




For a residual stress of -250 MPa [35] and a biaxial modulus, 7/(l -v), of 478 

GPa [36] - values characteristic of GaN films - buckling is expected for 
delamination diameters exceeding -100 /^ /m . 

Generation of vapor species at the interface can induce film bulging even in the 
absence of a compressive residual stress. Fracture of the film may result from 
crack deflection into the film at the perimeter of the delaminated area, or by 
blistering due to tensile failure at the center of a buckle or bulge. These failure 
mechanisms are illustrated schematically in Fig. 11.5. The details of these failure 
mechanisms as they pertain to LLO of GaN are discussed by Wong [30] and 
Tavernier and Clarke [32]. Any of these effects - buckling, significant bulging, 
blistering or crack deflection from the interface into the film - constitutes a failure 
mechanism for most applications of LLO. 




Fig. 11.5. Schematic illustrations of LLO failure mechanisms: (a) film buckling due to 
residual compressive stress (b) film bulging resulting from internal pressure generated by 
decomposition of laser irradiated material at the interface (c) blistering due to tensile failure 
at the upper surface of a bulge or buckle (d) cracking deflection into the film at the edge of 
a delamination 

From the above considerations, it is obvious that a stiffening layer will 
generally be required to prevent mechanical failure. Qualitatively, a stiffening 
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layer has an effect equivalent to increasing the film thickness in (11.6), provided 
that the adhesion between the film and stiffening layer is sufficient to prevent 
failure by delamination of the stiffening layer. Wong [30] has used a relation 
similar to (11.6) to establish “safe” stiffening layer thicknesses and stiffness 
regimes as a function of the delamination area. Tavernier and Clarke have 
developed detailed processing maps accounting for bulging, buckling and cracking 
for unsupported GaN films [32]. These maps can be modified to account for 
stiffening layers, thus providing very useful tools for LLO process design. 



11-3 Process Flows for Layer Transfer by Laser Lift-Off 



1 1 .3.1 Separation of Thick, Self-Supporting Films 

In the case of very thick films, on the order of 100 pm, LLO can be applied to the 
delamination of the growth substrate, in effect transforming the film into a 
substrate for subsequent epitaxial growth. Before LLO, the film surface can be 
bonded with wax, metal or another temporary adhesive to a platen. After the 
substrate is separated, the film can be released by dissolving the adhesive. This 
process has been employed in the fabrication of free-standing GaN “substrates” by 
separation of thick GaN films grown by halide vapor phase epitaxy (HVPE) from 
the sapphire growth substrate (see Sect. 11.5.1 below). Pre-existing cracks in the 
GaN film will, of course, cause failure of the LLO process. A second mode of 
failure is the cupping of the released film due to residual stress gradients in the 
film. 



1 1 .3.2 Direct "Paste-and-Cut" 

Application of LLO to heterogeneous integration requires the use of reasonably 
thin heterostructures that cannot be easily handled as free-standing films. It is 
therefore necessary to mechanically support the films throughout the film transfer 
process. Furthermore, the stiffening effect of the supporting substrate is often 
necessary to prevent failure due to blistering or crack deflection as described in 
Sect. 11.5.1. The simplest LLO integration scheme, direct “paste-and-cut,” starts 
with the permanent bonding of the heterostructure to be transferred to the final 
substrate. Removal of the substrate by LLO completes the transfer, as illustrated in 
Fig. 11.6. If the bonding material and temporary substrate are relatively stiff and 
adhesion at the interfaces is strong, any residual stress in the film will remain after 
LLO. 
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Direct-Transfer Laser Lift-off Process 




Laser pulse 



a) Bond to receptor b) Laser lift-off 



Fig. 11.6. Direct “Paste-and-Cut” transfer of a film or heterostructure by LLO 



1 1 .3.3 Double T ransfer “Paste-and-Cut” 



The direct transfer process described above results in a transferred heterostructure 
that is inverted relative to its orientation on the growth substrate. In some cases, it 
may be desirable to transfer a heterostructure in its original orientation. Such a 
process necessarily involves the temporary transfer of the heterostructure to a 
handle substrate, a subsequent permanent bonding step to fix the transferred 
heterostructure to its final receptor substrate, and the release of the heterostructure 
from the handle substrate as in Fig. 1 1.7. 

Double-Transfer Laser Lift-off Process 
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Fig. 11.7. Schematic process flow for double-transfer paste-and-cut LLO 



Double-transfer processes also offer potential advantages in the flexibility of 
the transfer process. For example, heterostructure “microdie” could be transferred 
first to a flexible tape, and then arranged as needed on the final substrate. The 
additional complexities associated with double transfer include the reduced 
mechanical stiffness associated with the temporary bonding material, which can 
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lead to an increase in problems associated with blistering and crack deflection 
during LLO. Mechanical failure associated with film stress release can be 
mitigated by trench etching down to the growth substrate, thereby allowing some 
lateral relaxation of stress once the growth substrate is removed. The use of 
polymer temporary bonds also introduces additional thermal budget 
considerations. In particular, the temporary and permanent bonding processes 
must be compatible. For example, if the final bond is made using a thermal 
process, the temporary bond must be able to withstand the thermal treatment 
without premature failure. Likewise, the final bond must be able to withstand any 
solvent necessary to dissolve the temporary bond. An additional consideration 
arises from the high thermal resistance of polymeric or glassy temporary bonds 
with thermal conductivities on the order of 0.1-1 W m _1 K _1 . If the film is thinner 
than several times the thermal diffusion length at the end of the laser pulse, A T , 
then the heat resident in the film at the moment of substrate separation will be 
effectively trapped, resulting in an elevated temperature at the interface between 
the temporary bond and the film that will be sustained well beyond the end of the 
laser pulse. The temperature rise can be estimated as 

(ii.7) 

,>>r pC p h film ’ 

where /? is the fraction of the absorbed laser energy that resides in the film at the 
time of separation. For example, taking /? = 0.5, R= 0.3, F 0 = 6000 J/m 2 , p= 6000 
kg/m 3 and C p = 500 J kg 1 K -1 (values characteristic of GaN), the minimum film 
thickness that will result in a tolerable temperature rise at the interface with the 
polymeric bonding layer of 200°C is 3.5 jam, which happens to be the typical 
thickness of a GaN LED hetero structure. 



11.3.4 Bonding 

The choice of bonding method depends on whether the bond is to be permanent or 
temporary, and electrically conductive or insulating. Furthermore, the properties 
of the materials involved will constrain the maximum temperature that may be 
employed for bonding. Although high-temperature direct bonding may be possible 
for some applications, the focus in this section is on bonding techniques of the 
broadest applicability that do not require temperatures above 200°C, and are thus 
compatible with some polymeric materials and most metals, semiconductors and 
inorganic dielectric materials. 

Permanent Metal Bonding by the Solid-Liquid Interdiffusion Method 

Gold thermocompression bonding can be employed when a metal bond is required 
to make good electrical and thermal contact. If the Au bonding method is not 
mechanically or thermally compatible, a melt-based solder or indium bond can be 
used. Indium melts at 157°C, a temperature that is compatible with many 
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polymeric materials. If elemental In remains in the bond, however, subsequent 
processing at temperatures above 157°C will induce undesirable remelting. To 
eliminate the elemental In, an additional metal layer that reacts to create a higher- 
melting-point intermetallic can be added to the bonding metallization. This 
approach is reminiscent of the Solid-Liquid Interdiffusion (SLID) bonding 
method developed in the 1960s for integrated circuit fabrication [37]. For layer 
transfer applications, Wong and coworkers [6,38] developed a Pd/In SLID 
bonding metallization that melts initially at the In melting point. Continued 
heating at temperatures of about 200°C activates the interdiffusion necessary to 
form the intermetallic phase Pd 3 In 7 , a phase with a peritectic melting point of 
664°C. To completely eliminate elemental indium, a Pd:In mole ratio of at least 
3:7 is required. Note that the intermetallic phase, Pd 3 In 7 was formerly identified as 
Pdln 3 . A recent study by Haussermann and coworkers [39] has clarified the 
composition and crystal structure of this compound, the most In-rich of the Pd-In 
intermetallic s. 

It is also necessary to introduce a thin (nm scale) diffusion barrier between Pd 
and In to ensure that the reaction to form Pd 3 In 7 does not go to completion prior to 
the melting of the indium that is necessary to form the bond. Details of the 
bonding process are described by Quitoriano et al. [40]. Figure 11.8 shows a 
GaN/Pd-In/Si heterostructure formed by Pd-In bonding and LLO. Several other 
bilayer metallizations are candidates for SLID bonding [41], although Pd-In is the 
only one that has been investigated thus far for applications in layer transfer. 



new GaN surface (exposed by lift-off) — ^ 




Fig. 11.8. SEM image of a GaN/Pd-In/Si hetero structure prepared by Pd-In SLID bonding 
and laser lift-off. The GaN prismatic cleavage plane was aligned with <11 0> direction on 
the surface of the {111} Si wafer, so that cleavage of the Si resulted in the formation of a 
smooth cleavage facet in the GaN film (after [6]) 
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Epoxy-based Permanent Bonding 

Many epoxies and related polymeric adhesives are suitable as permanent bonding 
materials. Candidate materials include 2-part epoxies, polyimide, 
benzocyclobutene (BCB) [42], and UV-curable photopolymers such as SU-8. 
Most of these materials were developed for applications other than wafer bonding. 
Bonding applications demand thinner layers than are usually required for resists or 
encapsulating layers. Therefore, it is generally necessary to experiment with 
viscosity, prebake treatments and spin-on speed. The bonding configuration also 
does not permit significant evolution of vapor during the final curing process, and 
air can be trapped if the bonding is not performed in vacuum. All of these factors 
demand that considerable effort be devoted to developing an optimal bonding 
process for a particular application. 

Sacrificial Bonding for Double Transfer 

Acetone-soluble adhesives are the most convenient temporary bonding materials. 
Successful results have been achieved with the common household ethyl 
cyanoacrylate-based adhesives. Photoresist can also be used, although poor 
adhesion is a problem. Acetone-soluble thermoelastic materials are to be avoided, 
as they can be relatively brittle at ambient temperatures. These acetone-soluble 
materials are generally not very thermally robust, and they are typically too 
compliant to restrain released films from buckling or cupping. 



11.4 Specific Material Systems 



1 1 .4.1 Separation of Gallium Nitride from Sapphire 

The GaN/sapphire system is ideally suited to laser lift-off. Although GaN has a 
very high melting point of about 2500°C, the equilibrium partial pressure of 
nitrogen at the melting point is ~40 kbar [43]. At atmospheric pressure, GaN 
decomposes to liquid Ga metal and nitrogen gas at temperatures above 
approximately 890°C [44]. A significant barrier to the reverse reaction ensures that 
once N 2 is formed, GaN will not regrow during cooling after the laser pulse. The 
Ga metal that remains serves to provide a weak temporary bond between the 
released GaN film and the original sapphire substrate. This bond is easily 
overcome by application of a shearing force at a temperature above the Ga melting 
point. 

From a technological perspective, the GaN/sapphire system is certainly one for 
which the advantages of substrate removal are clear. Although sapphire is of 
relatively low cost compared to alternative substrates, its only real virtue is its 
optical transparency in the context of flip-chip surface mounting for high-power 
LEDs [45]. In this configuration, the sapphire substrate may be used to improve 
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the coupling of light out of the GaN heterostructure. In view of the relatively low 
thermal conductivity, the electrically insulating behavior and the poor cleavage 
and dicing properties, the ability to remove the sapphire presents an opportunity to 
address the problems of electrical series resistance, heat extraction from the active 
region, facet formation for edge-emitting lasers and dicing waste. Performing the 
removal process by mechanical means only is not practical, thus defining a niche 
for laser lift-off. 

Mechanism of GaN Laser Lift-Off from Sapphire 

The simplest model for LLO is based on the thermochemical decomposition of 
GaN at the absorbing interface. One-dimensional calculations such as those 
described in Sect. 11.1 show that the temperature at the interface should reach 
approximately 1000°C for laser pulses at the observed threshold fluence for LLO. 
Considering only the factors that are dependent on the specific characteristics of 
the UV laser, the thermochemical LLO threshold fluence F tc is roughly 

proportional to A T crit 4r , where A T crit is the temperature rise necessary to induce 

decomposition, and ris the pulse length. The thermal decomposition model is also 
consistent with the observation of the metallization of the interface following a 
pulse of fluence above the LLO threshold. Since the GaN and sapphire are both 
transparent at visible wavelengths, the formation of Ga metal at the interface is 
readily revealed by casual inspection (Fig. 1 1 .9). 




Fig. 11.9. Optical micrographs of an array of (In,Ga)N LEDs separated from the sapphire 
growth substrate: (a) after LLO showing the layer of Ga, and (b) after dissolution of the Ga 
in HC1. With the Ga removed, the LED contacts are visible through the transparent GaN 
heterostructures, (courtesy of Oriol, Inc.) 

The thermochemical decomposition model for LLO proves to be insufficient 
for films greater than about 10 pm in thickness. Thicker films generally separate 
from the sapphire growth substrates at lower fluences and without visually 
apparent metallization of the interface. Thus, the separation for these thicker films 
occurs in a single step, without the advantage of the Ga interfacial layer that holds 
the film in place during LLO. Cho and coworkers [35] have studied the 
relationship between threshold fluence, film thickness and the residual stored 
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strain energy in the GaN film. It should be noted that the backside of the sapphire 
substrates was sandblasted for this study. Empirical data revealed that the 
threshold fluence was markedly and reproducibly reduced by texturing the 
entrance surface. The results for a KrF excimer laser with a 38 ns pulse length are 
displayed in Fig. 11.10. 




Residual Strain Energy, A t [J/m 2 ] 

Fig. 11.10. Plot of experimentally determined lift-off threshold fluences as a function of 
stored strain energy per unit area in the GaN film, as calculated from wafer curvature 
measurements. The laser pulse length was 38 ns. Prediction of the thermoelastic model 
discussed in the text is shown as a solid line [35] 

At lower stored strain energies, the mechanism is consistent with 
thermochemical decomposition at the predicted threshold fluence of about 560 
mJ/cm 2 . As the stored strain energy increases, the threshold decreases, and then 
saturates at approximately 400 mJ/cm 2 . Cho et al. employed a simple 
thermoelastic model reminiscent of Griffith crack theory in brittle materials to 
explain these results. The model predicts that LLO will occur when the released 
strain energy per unit area, including both residual (static) and transient 
components (see (11.5)), exceeds the work of adhesion, W adh . The threshold 
fluence for LLO via this thermoelastic mechanism, F te , has the form: 

F,e = Wadh-Ah fll Jfi (1L8) 

where W adh has units of J/m 2 , B is a combination of material constants and the 
pulse length, and has units of J/m 2 , and A is the residual (static) strain energy 
stored in the film per unit volume. This relationship predicts that there will be a 
critical value of stored strain energy per unit film area for which the film is 
predicted to spontaneously delaminate upon cooling to room temperature after 
growth, without the assistance of a laser pulse. The thermoelastic model is in 
qualitative agreement with the experimental data for residual strain energies per 
unit film area up to 2-3 J/m 2 . The saturation of the experimental LLO threshold at 
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400 mJ/cm 2 suggests that a critical flaw is needed to induce brittle delamination by 
this mechanism. 
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Fig. 11 . 11 . Series of transmission optical micrographs of intact MOCVD GaN films on 
sapphire substrates after irradiation of the interface with 38 ns pulses from a KrF excimer 
laser. The fluences are below that necessary for LLO (residual strain energy <0.5 J/m 2 in 
Fig. 11.10). The light spots first visible at a fluence of ~400 mJ/cm 2 are Ga-rich 
decomposition zones at the interface. The rectangular background pattern is the out-of- 
focus image of a rough Si support wafer [46] 

Examination of the GaN/sapphire interface by optical microscopy (Fig. 11.11) 
and SEM (the plan-view image of a delaminated film in Fig. 11.12 and the cross- 
sectional image of a sub-threshold delamination in Fig. 11.13) reveals that 
localized thermal decomposition does initiate at -400 mJ/cm 2 for samples that 
have textured entrance surfaces, regardless of the LLO fluence threshold. Such 
localized delaminations could result from local enhancements in fluence or from 
defective regions in the GaN buffer layer that locally reduce the phonon mean free 
path. Analysis of the dependence of morphology and fluence threshold on the 
treatment of the entrance surface (Fig. 11.14) suggests that entrance-surface 
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texturing results in local intensity enhancements at the interface without affecting 
the average fluence incident at the interface. This interpretation does call into 
question the validity of the simple one-dimensional analysis of the 
thermochemical lift-off mechanism in that the fluence threshold for a sample with 
a lapped but untextured sapphire substrate is approximately 40% higher than the 
model would predict (see Sect. 11.1). 




5 tun 

Fig. 11.12. SEM image of decomposition pits in GaN after separation of the sapphire 
substrate from a 25 pm HVPE GaN film at 390 mJ/cm 2 (see Fig. 11.10). The smooth 
surface between the pits suggests brittle fracture at the interface that was initiated at the pits 
and assisted by the residual strain energy in the film, and by the transient nitrogen pressure 
during decomposition. Note the Ga droplets delineating the extent of interfacial crack 
propagation prior to condensation of Ga [46] 




\ GaN \ 

2|nm sapphire 

Fig. 11.13. Cross-sectional SEM image of the sample imaged in Fig. 11.11b, showing 
delaminations due to localized decomposition of the interfacial GaN at a fluence of -400 
mJ/cm 2 . (courtesy of E.A. Stach, National Center for Electron Microscopy, Lawrence 
Berkeley National Laboratory) 

A further element of complexity arises from the observation that the fluence at 
which localized decomposition pits are observed (-400 mJ/cm 2 for a 38 ns pulse 
transmitted through a textured entrance surface) coincides with the fluence that 
results in the formation of a thin (-5-50 nm) intermixed amorphous layer at the 
GaN/sapphire interface, containing Al, Ga, N and O [47]. This amorphous layer is 
suggestive of interfacial eutectic melting. Although no evidence for such an 
Ga-Al-O-N eutectic has been discovered in the bulk, its formation would likely 
coincide with a substantial reduction in the work of adhesion, thereby assisting the 
delamination process. The role of the localized thermal decomposition sites with 
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respect to the eutectic formation has not yet been clarified. It is possible that 
nucleation of metallic Ga and N 2 gas is assisted by the formation of this transient 
eutectic melt. 




Lapped sapphire 
No texturing 

Threshold fluence: 
800 mJ/cm 2 



Lapped sapphire 
+ Is texturing 

Threshold fluence: 
680 mJ/cm 2 
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+ 5s texturing 

Threshold fluence: 
560 mJ/cm 2 



Fig. 11.14. Variation of the LLO threshold fluence and the morphology of the exposed GaN 
surface with the preparation of the sapphire entrance surface, (a) lapped sapphire, (b) after 
texturing with an industrial sandblaster for Is, (c) after texturing with an industrial 
sandblaster for 5 s. The 5 s treatment yields the minimum LLO fluence, coincident with the 
observation of localized decomposition sites associated with inhomogeneities in the fluence 
arising from focusing effects. Note that the average fluence transmitted through similarly 
treated bare sapphire substrates does not vary appreciably for these three surface treatments 
[46] 

Despite the complexity of the microscopic LLO mechanism for samples with 
textured entrance surfaces and residual strain energy above -3 J/m 2 , it is evident 
that the “critical flaw” that determines the minimum threshold fluence of -400 
mJ/cm 2 for a 38 ns laser pulse is a local decomposition site generated by electric 
field enhancement due to the focusing effect of the textured entrance surface. 
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1 1 .4.2 Laser Lift-Off of Oxide Films and Heterostructures 

Several oxide thin films, including zinc oxide [48], indium-tin oxide (ITO) [46], 
lead lanthanum zirconate titanate (PLZT) [49] and yttrium barium copper oxide 
(YBCO) [50] have been separated from UV-transparent substrates (sapphire, MgO 
and fused silica) by LLO. Threshold fluences range from 600 mJ/cm 2 for ZnO 
separation from a sapphire substrate using a KrF excimer laser [48], to 250 
mJ/cm 2 for separation of ITO from fused silica with a 38 ns pulse from KrF 
excimer laser [46]. 
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Fig. 11.15. SEM image of the glassy layer of Pb-rich PLZT remaining on the PLZT surface 
exposed by laser-lift-off of the MgO substrate [49] 

These oxide systems lack the convenient low-melting-temperature metal 
product of the laser decomposition process as in GaN. Nevertheless, evidence 
suggests that the LLO mechanism is primarily thermochemical rather than 
thermomechanical in these systems. In the case of PLZT, it has been established 
that a molten layer of PLZT is formed during the laser pulse (Fig. 11.15), and that 
evaporation of PbO results in a Pb-rich surface layer that is apparently redeposited 
on the exposed substrate and film surfaces during cooling [49]. The resulting 
glassy layer must be removed before the ferroelectric properties of the PZT thin- 
film capacitor film can be restored (see Sect. 1 1.5.5). 



1 1 .4.3 Laser Lift-Off of Polymeric Films 

The LLO process can also be adapted to the separation of polymeric films from 
UV-transparent substrates. It is likely that a combination of localized thermal 
decomposition and relaxation of residual stress is responsible for separation. Since 
the thermal diffusion length in a typical polymeric material irradiated by an 
excimer laser pulse is tens of nanometers, on the same order as the optical 
absorption length, a very low fluence is required for polymeric LLO. For example, 
the photopolymer, SU-8, requires only about 50 mJ/cm 2 to generate a surface 
temperature of about 500°C, sufficient for irreversible decomposition [51]. 




Layer Transfer by Bonding and Laser Lift-Off 403 



Materials such as SU-8 can therefore be utilized as the temporary bonding layer in 
a double-transfer process if the receptor substrate is UV-transparent. Alternatively, 
the properties of the polymer can be engineered to affect thermally driven release 
during the permanent bonding process. In either case, it may be difficult to remove 
the remaining polymeric layer from the surface of the transferred hetero structure. 

A polymeric LLO process can also be used to create a free-standing membrane 
embedded with nano- or microscale components, provided that the embedded 
components can be configured to mechanically separate from the growth substrate 
during low-fluence irradiation of the SU-8 [52]. This assembly process may prove 
useful for the handling and packaging of arrays of high-aspect-ratio nanowires. 



11.5 Applications of Laser Lift-Off 



1 1 .5.1 Large-Area Release of Thick GaN Films 
for Substrate Applications 



A significant impediment to the development of GaN technology has been the 
thermal decomposition of the compound at relatively low temperatures to produce 
Ga metal and nitrogen gas (N and N 2 ). As a result, large-area GaN substrates have 
been difficult to produce, necessitating heteroepitaxial growth of GaN thin films 
onto dissimilar substrates such as sapphire or silicon carbide. The most commonly 
used substrate, sapphire, has been the substrate of choice for depositing high- 
quality GaN thin films since it is similar to the crystal structure of GaN (hexagonal 
wurtzite structure), is stable at the high GaN growth temperatures (~ 1050°C) and 
is relatively cheap compared to silicon carbide. Despite the fact that continuous- 
wave (In,Ga,Al)N laser diodes grown on sapphire with room temperature lifetimes 
greater than 10 000 hours have been demonstrated [53], it is reasonable to assume 
that the availability of large-diameter GaN substrates would both improve device 
performance and reduce the unit cost. 

The drive to obtain single-crystal GaN substrates for homoepitaxial growth has 
led to many attempts at developing high-quality substrates. Among these 
approaches are high-temperature, high-pressure synthesis of GaN crystal platelets 
[54], growth of thick GaN films on sapphire or silicon carbide substrates and 
subsequent removal of the substrate by mechanical means [55-56], lift-off using 
selective etching of sacrificial ZnO buffer layers [57], and more recently, laser lift- 
off. 

Large-area LLO release of thick-film GaN from sapphire for substrate 
fabrication was first reported by Kelly et al. using a Nd:YAG laser at 355 nm [58]. 
The HVPE films with thicknesses up to 300 pm were transferred from sapphire 
onto an intermediate support wafer by LLO and creation of the pseudo-substrate 
was completed by releasing the metal-bonded support wafer. The removal of the 
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substrate by LLO replaces the time-consuming mechanical lapping process, and 
eliminates the need for an interfacial layer that can be selectively etched. An 
intrinsic problem with such thick HVPE-grown GaN films is the residual stress 
due to the thermal coefficient mismatch between the sapphire and GaN. It is also 
inevitable that there will be a through-thickness stress gradient resulting from 
incomplete relaxation during growth and cooling. The metal support utilized by 
Kelly et al. helped to support the wafer during LLO. In addition, the GaN/sapphire 
structure was heated to a temperature of 600°C during the laser processing to 
minimize thermal expansion mismatch stress. 

In a study of GaN pseudo-substrate bowing, Park and coworkers used x-ray 
diffraction to reveal inhomogeneous bowing due to residual stress that was 
relieved after separation of the GaN from the sapphire [59]. An estimated radius of 
residual bowing of 4 m was measured by x-ray rocking curves, equivalent to a 
-100 pm height difference from wafer center to edge. This radius of curvature is 
slightly larger than other reports of stress-induced bowing of thick-film 
GaN/sapphire structure structures grown by HVPE [60]. 

Structural and chemical characterization by transmission electron microscopy, 
of pseudo-substrates created by LLO revealed that any structural alteration or 
chemical intermixing was confined to within 50 nm of the thin-film/substrate 
interface [61]. Studies of the optical properties of the GaN pseudo-substrates and 
homoepitaxial films grown on the free-standing GaN reveal excellent crystallinity 
and optical quality [62-64]. These findings suggest that LLO is a viable method 
for creating pseudo-substrates from thick-film HVPE-grown GaN on sapphire as a 
means for enabling homoepitaxial growth of GaN-based device structures. 
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Fig. 11.16. (a) Schematic diagram of an inverted vertical LED on silicon fabricated by 
direct-transfer and Pd-ln SLID bonding, (b) Photograph of the blue electroluminescence 
from a device of the type diagrammed in (a). There is no evidence of cracking (after [8]) 



11.5.2 (ln,Ga)N Light Emitting Diodes 

Many (In,Ga)N-based devices have been transferred from sapphire to another 
substrate. In the case of direct transfer, a combination of Pd-ln SLID bonding and 
LLO has been used to fabricate inverted vertical LEDs on silicon (4). Figure 11.16 
shows the layer structure of an inverted LED and an image of the blue 
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electroluminescence showing that the transferred device emits uniformly without 
evidence of cracking. 
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Fig. 11.17. (a) Electroluminescence spectra from an (In,Ga)N LED before and after double- 
transfer to a silicon wafer, (b) I-V characteristics of LEDs from the same growth substrate 
before double-transfer LLO, after LLO with frontside contacts, and after LLO with vertical 
contacts (after [9]) 



In this structure, a reflective ohmic contact to the p-GaN and a vertical contact 
configuration (the ohmic contact to n-GaN was applied directly to the LLO- 
exposed surface rather than by etching through the p-GaN) represented departures 
from the conventional design of an (In,Ga)N LED on sapphire. The reduction in 
series resistance afforded by the vertical contact design was evaluated 
quantitatively in a study of LEDs on silicon fabricated by a double-transfer 
process [9]. The combination of a reflective backside n-contact and the vertical 
contact configuration increased the light output (measured normal to the frontside 
exit surface) by 35% and reduced the series resistance from 22 Q on sapphire, to 
4 Q on silicon with a vertical contact scheme. Figure 11.17 shows the 
electroluminescence spectra and I-V characteristics before and after LLO. The 
only internal changes in the emission characteristics are a slight broadening and 
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red shift that are believed to have been introduced by relief of residual stress 
during the double -transfer process. 



11.5.3 (ln,Ga,AI)N Lasers 

One of the most pressing problems in the fabrication of high-performance blue 
lasers is heat extraction from the active region of the heterostructure. Wong and 
coworkers [7,10] have employed LLO in the fabrication of (In,Ga,Al)N laser 
diodes that operate in continuous wave (cw) mode at room temperature. The 
double-transfer LLO process replaces the sapphire substrate with a copper heat 
sink (Fig. 11.18), thereby improving heat extraction from the active region. The 
transferred lasers showed a 150% improvement in the maximum cw power output 
at room temperature compared to laser diodes from the same growth substrate that 
were not transferred (Fig. 11.19). 



1 1 .5.4 Vertical Cavity Devices 

Vertical-cavity surface-emitting lasers (VCSELs) in the GaN-based materials 
system could prove useful in fluorescence detection devices, imaging and 
information storage. A challenging aspect of VCSEL fabrication and design in any 
materials system is the problem of electrical series resistance. A VCSEL must 
have a very high finesse optical cavity defined by dielectric Bragg mirrors on both 
sides of the active region. It is very difficult to create multilayer mirrors of 
sufficient quality, electrical conductivity and index-of-refraction contrast using 
heteroepitaxial growth of (In,Ga,Al)N materials. The lattice mismatch, 
immiscibility and doping constraints are even more challenging than in the zinc 
blende III-V semiconductors. The LLO process presents a possible solution to the 
mirror growth problem, if not the series resistance problem. Using LLO, it is 
possible to deposit multilayer dielectric Bragg mirrors on both sides of a GaN 
film, thereby creating a high finesse optical cavity. Song and coworkers [65] have 
employed this fabrication scheme to produce resonators with quality factors 
approaching 1000. Martin and coworkers [66-68] have combined LLO and 
precisely controlled cavity etching to demonstrate the potential of this technique 
for the tuning of (In,Ga)N microcavity resonators. Song and coworkers [69] have 
also demonstrated an optically-pumped (In,Ga,Al)N VCSEL emitting at 403 nm in 
a pulsed mode at temperatures up to 25 8K. The demonstration of electrically- 
pumped GaN-based VCSELs awaits further developments in making electrical 
contact with the cavity and improving heat extraction. 
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Fig. 11.18. Cross-sectional SEM of laser diode heterostructure transferred from sapphire to 
a copper heat single by the double-transfer LLO process. The seed GaN layer, the Si0 2 
mask, and the epitaxial lateral overgrowth (ELOG) layer are visible 
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Fig. 11.19. Light output vs. current for an (In,Ga,Al)N laser diode on sapphire (circles) 
compared to a similar laser diode after LLO and bonding to a copper heat sink (adapted 
from [10]) 



11.5.5 Epitaxial Ferroelectric Heterostructures on Silicon 
and Polymer Substrates 

Laser lift-off has also been applied to the transfer of epitaxial perovskite 
heterostructures to silicon and polymer substrates [49]. Figure 11.20 shows the 
polarization hysteresis loops of a PLZT relaxor ferroelectric capacitor structure 
before and after direct transfer from MgO to silicon using LLO and Pd-In SLID 
bonding. The glassy layer of -100 nm thickness had been removed by ion milling 
prior to deposition of the upper electrode. Note that the hysteresis loop is not fully 
restored by the removal of the glassy layer, a result that is likely due in part to 
stress relief during transfer and to near-surface damage induced by ion milling. 
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Nevertheless, this example proves that it is possible to use LLO to transfer 
functional perovskite oxide device heterostructures. The implications of this type 
of assembly process for integration of perovskite-based devices with silicon and 
polymers has yet to be fully explored. 
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Fig. 11.20. Ferroelectric hysteresis loops from an epitaxial PLZT relaxor heterostructure 
(7/50/50) grown on MgO before LLO and after LLO transfer to a steel substrate and 
subsequent ion milling to remove the glassy layer (after [49]) 



1 1 .6 Issues in the Scale-up of Laser Lift-off 
for Manufacturing 

The LLO technique can potentially impact manufacturing processes for GaN- 

based devices at several levels. Examples include: 

• Rapid sapphire substrate removal for the fabrication of self-supporting HVPE 
GaN wafers, eliminating the need for mechanical or chemical substrate 
removal. 

• Wafer-scale transfer of complete or nearly complete LED or laser diode device 
arrays from sapphire to a substrate that is easily diced, thereby reducing dicing 
waste. 

• Transfer of devices to a thermally conductive substrate to improve heat 
extraction from the active region 

• Transfer of LEDs to an electrically conductive substrate to reduce series 
resistance and improve the front-surface extraction of light via reflective 
backside ohmic contacts. 

• Transfer of laser diodes to a polymer tape or an easily cleaved crystalline 
substrate to enable the fabrication of cleavage facets for edge-emitting lasers. 

• “Pick-and-place” transfer of individual devices from a 2-inch sapphire growth 
substrate to specific locations on each die of a larger receptor wafer. 
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• “Pick-and-place” transfer of individual devices from a 2-inch sapphire growth 

substrate to specific locations on a large area glass or flexible polymer 

substrate. 

Each of these processes introduces challenges that are not encountered in 
laboratory- scale demonstrations at the single device level. These challenges are 
primarily related to (i) preventing mechanical damage associated with pulse edge 
and overlap effects, (ii) determining the optimal fluence and substrate surface 
preparation, (iii) accounting for the interplay of the LLO process with topographic 
features (e.g. trenches) in the GaN heterostructure, and (iv) developing a bonding 
method that is both robust and consistent with the requirements of subsequent 
processing. Finally, the “pick-and-place” or “pixel-to-point” [51,70] microdie 
transfer processes require the development of a rapid and localized bonding 
method that will allow transfer of one device without affecting an adjacent device. 

Although processes for each application must be developed separately, there 
are some common issues. In wafer-scale transfer, for instance, a choice must be 
made between transferring one device with each pulse using trenches in the GaN 
that are aligned with the laser exposure field, or transferring large numbers of 
devices with each pulse. The latter approach necessitates control over the pulse 
edge and overlap, whereas the former requires precise alignment and more 
complex optics. Trenching may also be used to relieve stress at the edges of 
devices within the laser field, although it is then necessary to consider the effect of 
the laser energy irradiating the trench area. In large-area-per-pulse LLO without 
trenching, film buckling, blistering and cracking become concerns. Based on the 
discussion of Sect. 1 1 .2, it is evident that this approach to large-area LLO will be 
more successful if the GaN heterostructure is thick, the receptor substrate is thick 
and rigid, and the bond to the receptor substrate is strong. The acceptable values of 
these parameters must generally be determined experimentally for each 
application, with the theory of fracture mechanics as a guide. 

The determination of the optimal backside surface preparation and laser fluence 
is also an issue that is common to all LLO processes. It is essential that the 
backside surface of the sapphire substrate be free of absorbing layers and large 
particulates. It has been observed that the threshold fluence for LLO can be 
substantially reduced by particle ablation of a polished or lapped sapphire surface. 
For example, a 38 ns KrF pulse at 800 mJ/cm 2 may be required for LLO from a 
sapphire substrate that has been polished, whereas an ablated surface can reduce 
the threshold fluence to 560 mJ/cm 2 (Fig. 11.14). Although the ablated surface 
may help couple light into the sapphire and may assist in homogenizing the beam, 
large defects on the ablated surface can also obstruct the beam, or produce hot 
spots by diffraction or refraction. One approach to overcoming the problems 
associated with spatial variations in fluence is to increase the average fluence until 
the entire interface is above the threshold. Of course, the trade-off is the greater 
extent of decomposition, yielding a larger transient N 2 pressure and the associated 
propensity for mechanical failure. 

Despite the difficulties posed by scale-up of LLO, wafer-scale processes have 
been developed for the fabrication of GaN “pseudo-substrates” and for the transfer 
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of LED hetero structures. Die-scale transfer has also been demonstrated for laser 
diodes [71]. Scale-up to full wafers will be relatively straightforward in this case, 
as the laser diode heterostructure on an epitaxial lateral overgrowth (ELOG) 
template is typically thicker (~ 20-30 jam) than an LED heterostructure. The 
thicker heterostructure is necessary to reduce the density of threading dislocations. 
The use of the ELOG technique also reduces the residual stress in the 
heterostructure, thereby minimizing problems associated with wafer bowing and 
mechanical failure during LLO. 



11.7 Prospects and Potential Impact of Laser Lift-Off 

Laser lift-off is now poised to impact both GaN “substrate” fabrication and die- or 
wafer-scale packaging of GaN-based LEDs and laser diodes. Further progress in 
these applications is dependent on the tailoring of processes for specific 
heterostructures, and then proving these processes in pilot production. Significant 
room for improvement remains in the optimization of both metal and polymer 
bonding techniques. It is conceivable that large-area layer transfer could also 
provide hybrid microlaminated materials for three-dimensional heterogeneous 
integration. The power of the technique is in the ability to combine materials with 
very different properties - for example, nitride semiconductors, metallized CMOS 
and polymers. Exploitation of the full scope of heterogeneous integration by LLO 
awaits the development of methods for the transfer of single devices or “microdie” 
from a growth substrate to specific sites on a large substrate. It is likely that a 
combination of laser assisted bonding and LLO will be required to enable this new 
microsystem assembly paradigm. 

Advances in laser technology will also provide new opportunities for LLO in 
manufacturing. Appropriate fluences are available from conventional nanosecond 
pulsed lasers at wavelengths from 193 nm to 1065 nm. The principal opportunity 
for improvement is in the reduction of the pulse length from the nanosecond 
regime to the range of tens to hundreds of picoseconds. At these shorter pulse 
durations, the primary interaction is still thermal. However, the threshold fluence 
can be reduced by a factor that is approximately proportional to the square root of 
the pulse duration. For example, a 600 mJ/cm 2 pulse from a 30 ns laser should 
generate the same peak temperature as a 60 mJ/cm 2 pulse from a 300 ps laser, 
provided that the thermal diffusion length evaluated at 300 ps is significantly 
greater than the optical absorption length. This estimation is also based on the 
assumption that a short pulse will afford sufficient time for the nucleation events 
required for a first-order decomposition reaction. Under these assumptions, a 
shorter pulse translates to reduced heating of the bonding layers and receptor 
substrate, although thermomechanical shock may become a greater concern. 
Unfortunately, pulsed laser technology is not well developed for pulse lengths 
between 1 ps and 1 ns. 
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Finally, much opportunity remains for the demonstration of LLO-based 
assembly of materials other than GaN. Preliminary results with PZT, ITO, ZnO 
and YBCO and SU-8 suggest that many complex oxides and polymers will also be 
amenable to this technique. The spectrum of potential materials is broadened 
further by allowing for the use of sacrificial LLO layers. Guha and coworkers 
have used LLO of GaN underlayers to transfer silicon thin films to virtually any 
substrate [72]. Likewise, AlN-based materials grown on sapphire with GaN 
interlayers may be separated at laser wavelengths that are not absorbed by AIN. It 
is conceivable then, that it may be possible to design LLO-based microassembly 
tools that are capable of rapidly integrating an almost arbitrary range of 
functionality into complex microsystems, while observing a thermal budget 
dictated by either the least robust of the materials to be integrated, or the least 
robust of the interfaces between the materials to be joined. 
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12.1 Background 

Lithium Niobate (LiNb0 3 ) is extensively used in a variety of applications because 
of its strong electro-optic (EO), photorefractive and nonlinear optical characteris- 
tics. Its unique properties and environmental stability have resulted in its incorpo- 
ration into photo-refractive gratings, holographic recording, and optical frequency 
conversion devices. In addition, it exhibits strong pyroelectric, piezoelectric and 
acousto-optic figures-of-merit, and has found wide applicability in acoustic wave 
transducers, delay lines and filters. In optics, LiNb0 3 is widely used in optical 
modulators, lasers, parametric oscillators and amplifiers, polarization controllers, 
couplers, detectors, filters and switches, making it a key material in telecommuni- 
cation systems. The development of optical telecommunications has in fact called 
forth the need for integrated photonic circuits with different devices and materials. 
Thus, a hybrid integration of single-crystal LiNb0 3 in the form of thin, microme- 
ter-thick films onto other, often non-compatible, platforms, such as silicon, is a 
very attractive prospect. In this chapter we explore the fabrication of such films by 
a layer-transfer technique called crystal ion slicing and examine the properties of 
the films obtained by this technology. 



12.2 Properties of Bulk Lithium Niobate 



12.2.1 Crystal Structure 

The first crystals of LiNb0 3 were synthesized in 1949 from a melt solution of 
Li 2 0 and Nb 2 0 5 . [1] Single crystals with large dimensions, good homogeneity and 
optical quality can be grown using the Czochralski technique. [2] The Li 2 0- 
Nb 2 0 5 melt composition is critical to obtaining high quality single-crystal boules; 
at the same time, the melt composition significantly affects the final properties of 
the grown material. For example, the Curie temperature can vary by as much as 
150°C depending on the particular stoichiometry [3]. In principle, LiNb0 3 crystals 
can be obtained from Li 2 0-Nb 2 0 5 solid solutions extending from 45 to 50 mole % 
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of Li 2 0. The growth of homogeneous stoichiometric LiNb0 3 crystals (50 mole % 
of Li), devoid of microscopic defects, is rather difficult [4]. Thus, despite the fact 
that stoichiometric crystals have a stronger electro-optic response [5], due to a 
constant Li/Nb ratio along the growth axis LiNb0 3 growth from congruent melts 
has become a standard practice for single-crystal wafer production. 

In addition to melt composition, the material properties of LiNb0 3 are deter- 
mined by other parameters in the Czochralski process such as pulling rate, boule 
rotation speed, melt temperature and temperature gradients, as well as the level of 
extrinsic impurities. In this chapter, it is assumed that LiNb0 3 is nominally pure 
with no (unusual) dopants or impurities, devoid of either extrinsic or intrinsic de- 
fects, and of congruent melt composition. 

Lithium niobate is a ferroelectric material. At temperatures below the Curie 
point (T c ~1142°C for 48.38 mol% Li0 2 ), LiNb0 3 is a trigonal crystal (symmetry 
group 3m). The crystal is comprised of a series of distorted oxygen octahedra, po- 
sitioned in a screw-like fashion along the polar threefold axis, with two thirds of 
the octahedral voids occupied by Li + and Nb 5+ , and the other third remaining va- 
cant. Unlike Nb 5+ , the Li + ion is rather freely positioned within its octahedron and 
can be considered relatively mobile. In fact, it is this high mobility of Li + and its 
position relative to the oxygen layers that is responsible for the ferroelectric nature 
of LiNb0 3 and the orientation of its spontaneous polarization vector. The parame- 
ters of the unit (hexagonal) cell are c H = 13.8631 A and a H = 5.1483 A. 

Above the Curie temperature the crystal becomes paraelectric. In this phase the 
crystal is centrosymmetric and, thus, the excellent % (2) -related features of the 
ferroelectric phase vanish. However, the high Curie temperature allows for a 
wide-temperature operating range in LiNb0 3 devices. 



12.2.2 Summary of Dielectric and Optical Properties 

LiNb0 3 is an anisotropic uniaxial crystal whose permittivity tensor has two identi- 
cal non-zero diagonal elements in the principal coordinate system, i.e. £ u = e 22 ^ 
0, £t >3 ^ 0, and = 0 for i^j. Several authors have reported on the relative permi- 
tivity measurements for clamped and unclamped conditions for LiNb0 3 : typically 
reported values are £ u = 44 and 84, and £ 33 = 29 and 30, respectively [6,7,8]. The 
frequency response of the dielectric constant at 298K remains nearly constant up 
to 250 MHz [9]. 

LiNb0 3 is also strongly pyroelectric, with its pyroelectric vector parallel to the 
polar axis, p = {0, 0,p 3 }, where /? 3 = - 4 x 10- 9 C K _1 cm' 2 . Any change in crystal 
temperature generates excess charges on the faces normal to the dipole; these 
charges normally are compensated by free electric charges so that the crystal re- 
mains neutral. The relaxation time for the generated pyro-charge electric field is 
approximately 2 hours at T<100°C [10]. 

Closely related to the pyroelectric response in LiNb0 3 is its strong piezoelectric 
effect. When operated as a freestanding pyroelectric plate sensor (the crystal is 
free to deform), any background acoustic vibration will induce strain in the crys- 
tal; the resulting strain further generates stress that affects the polarization via the 
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piezoelectric effect. This effect is known as secondary pyroelectricity and can 
dwarf the regular pyroelectric response in some cases. 

Optical Properties 

The polarization vector P is a function of electric field. For small field values E, 
the dependence is linear, but higher-order terms need to be considered for larger 
fields, so that 

P l =e 0 Y,XijE J +Y dX $ E J E k +Y J Z^,E J E k E l +... ( 12 -D 

j J k jkl 

The imaginary parts of the linear optical susceptibility tensor are nearly equal to 
zero throughout the 0.42-5.20 pm wavelength range, including the important tele- 
communication windows near 1.3 pm and 1.55 pm, where LiNb0 3 is nearly trans- 
parent. At ~2.9 pm, the crystal exhibits a sharp absorption peak due to the pres- 
ence of the OH" group. The average absorption of LiNb0 3 in the near infrared is 
on the order of 0.1% cm' 1 . 

Within its transparency range, LiNb0 3 is a birefringent negative uniaxial crys- 
tal, i.e. its ordinary refractive index, n 0 , corresponding to Z-plane polarized light, 
is greater than the extraordinary index, n e : at 1550 nm wavelength, n 0 =2.21 12 and 
n Q =2.1380. Compared to other uniaxial crystals, LiNb0 3 is highly birefringent: 
for example, it is twice as birefringent as BaTi0 3 and more birefringent than 
quartz by nearly an order of magnitude. A temperature-dependent Sellmeier fit for 
congruent-melt LiNb0 3 can be found in references [1 1,12,13]. 



12.2.3 Linear Electro-Optical Effect 

Certainly one of the most prominent features of LiNb0 3 is its excellent linear EO 
response. Traditionally, the linear (Pockefs) electro-optic effect is defined as 

T lij (E)-r lij {Q) = M lij =Y u r jjk E k , (12.2) 

k 

where Ar| 7 is the change in the optical impermeability, and r ijk are the elements of 
the EO tensor. For trigonal crystals with 3w-symmetry, the elements of the EO 
tensor in the contracted notation (Ar|/ = r /7 E y , i = 1,2,... 6, and ,j = 1,2,3) are given 
as r 12 = r 6 i = -r 22 ^ 0, r 23 = r 13 ^ 0, and r 42 = r 51 ^ 0, r 33 ^ 0, and r z7 = 0 for all other 
combinations of i and j, where / = 1, 2,. . ., 6, and j= 1, 2, 3 [14]. The crystal struc- 
ture of LiNb0 3 allows for both longitudinal and transverse EO control. High- 
speed modulators (~40 GHz) have been realized in the traveling-wave configura- 
tion [15], while lumped-electrode modulation is normally reserved for low- 
frequency applications (beam shaping and scanning, or low-speed EO tuning). 
Typically, the lumped electrode configuration involves the use of the strongest EO 
coefficient, r 33 (33 pm/V at a 633 nm wavelength [16]). The electro-optic disper- 
sion properties of LiNb0 3 have been studied by several researchers and are well 
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documented: the response is stronger at shorter wavelengths and gradually decays 
as the wavelength is increased [16,17]. 



12.2.4 Nonlinear Optical Properties - x (2) 

The X (2) response in LiNb0 3 is best reflected in its strong second-order nonlinear 
optical (NLO) properties: the material has effectively served as a medium for 
various three-wave mixing processes, such as sum- or difference frequency gen- 
eration, parametric amplification, etc., whether in birefringent- or periodic quasi- 
phase matching (QPM) structures. The latter have drawn much attention lately, 
due to their potential for all-optical WDM wavelength conversion [18]. 

The second-order nonlinear optical response is described by the second term in 
Eq. 12.1, where both fields Ej and E k are optical signals of frequencies cq, and co^, 
respectively, and the resulting polarization, P h has a frequency CD, =oq+CD£. In addi- 
tion to energy conservation, an efficient conversion process will require that the 
phases of the interacting waves be matched, i.e. A k = k t - kj - k k = 0, where k i>jtk 
are the propagation vectors of the three waves. As in the case of the EO effect, 
rather than the % (2) tensor, the second-order nonlinear response is characterized by 
the third-rank nonlinear tensor d iJk , where i,j , and k =can all assume values of 1 , 2, 
and 3 [19]. As a result of crystal symmetry, the d ijk tensor of LiNb0 3 in a reduced 
notation attains a form similar to that of the transposed EO tensor, r tJ T, such that 
d 5 1 = d 4 2 = d 32 = d 3X * 0, d 2 \ = ~d 2 2 * 0, d 33 A 0, and dy = 0 for all other combina- 
tions of i and j\ i = 1, 2..., 6, and j = 1, 2, 3 [14]. The d 33 nonlinear coefficient 
(-30 pm/V), responsible for frequency mixing of waves polarized along the opti- 
cal axis (i.e. P h E j9 and E k are all collinear and parallel to the crystal Z-axis), pro- 
vides for the strongest nonlinear response. LiNb0 3 is more efficient than many 
frequently used nonlinear crystals, such as KNb0 3 , p-BaB 2 0 4 (BBO), KTiOP0 4 
(KTP), and LiB 3 0 5 (LBO). While there are other noncentrosymmetric materials 
with a higher degree of optical nonlinearity (e.g. ZnGeP 2 ), the lack of a viable 
waveguide fabrication technology makes them inferior to LiNb0 3 . Finally, the ad- 
vent of quasi-phase matched (QPM) structures in LiNb0 3 has made this material 
even more attractive for applications ranging from optical beam shapers, pulse 
compressors [20], low-threshold parametric oscillators and EO-tunable frequency 
converters [21]. 

Elaving introduced some of the relevant properties of LiNb0 3 , we now turn to 
the crystal ion slicing process and the fabrication of thin films of this important 
material. 



12.3 The Crystal Ion Slicing Process 

There has long been a need for on-chip integration of semiconductor lasers with 
thin-film optical isolators and modulators, both based on metal-oxides. However, 
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lattice-mismatch, incompatible growth (need for low temperature growth), com- 
plex surface chemistry and stoichiometry have presented a considerable challenge. 
In recent years a number of techniques have been used to study the deposition of 
LiNb0 3 and other ferroelectrics, such as BaTi0 3 and Pb(Zr,Ti)0 3 , onto various 
substrates. Chemical vapor deposition [22], sol-gel processing, metalorganic de- 
composition [23], RF sputtering [24] and pulsed-laser deposition [25], have been 
reported in the literature. Sol-gel processing has been used to produce highly tex- 
tured polycrystalline LiNb0 3 films on silicon with MgO buffer layers. RF sputter- 
ing has been tried on silicon nitride layers [26,27]. Although high-quality films 
can be fabricated by these techniques, many of the relevant material properties are 
generally not satisfactory, with optical propagation losses of typically ~10 dB/cm, 
and EO (NLO) coefficients lower than 25% of the corresponding bulk value (typi- 
cally in the single-digit percentile range). Some improvements have been made in 
growing LiNb0 3 films on sapphire, resulting in films with significantly reduced 
propagation losses [24]. Nevertheless, heterogrowth of bulk-quality LiNb0 3 films 
on platforms important for integrated optical (10) applications has not yet been re- 
alized. 

Recently, crystal ion slicing (CIS) has been used to fabricate films of magnetic 
garnets and ferroelectric crystals. [28,29,30]. The CIS process allows the forma- 
tion of freestanding single-crystal micrometer-thick films with preserved domain 
structure. The technique relies on energetic (~MeV) He + ion implantation to gen- 
erate a buried damaged sacrificial layer. This layer is found to preferentially etch 
upon immersion in a suitable etchant, ultimately resulting in micrometer-thick 
films separated from the parent substrate. The films thus obtained retain or closely 
approximate the single-crystal bulk properties of the parent sample. 

The CIS technique has been successfully applied to a variety of metal-oxides: 
LiNb0 3 [28,30], Y 3 F 5 0i 2 (YIG) and Bi x Y 3 _ x F 5 0i 2 (Bi-YIG) epi-grown on gadolin- 
ium gallium garnet substrates [29,31], LiTa0 3 , KTa0 3 (KTO) [32,33], SrBafTi^ 
x 0 3 (SBT), BaTi0 3 (BTO) [34], and (l-x) Pb(Zn 1/3 Nb 2/3 )0 3 - x PbTi0 3 (PZN-PT) 
[35,36]. Consequently, the CIS material base covers a broad range of potential ap- 
plications, such as optical modulation and isolation, polarization control, and re- 
turn loss suppression in integrated optics circuits, radiation detection, microelec- 
tromechanical systems (MEMS), tunable microwave devices, thin-film transistors, 
etc. 

The CIS process has diversified into several variants depending on the particu- 
lar material device application [37].FIowever, the core of the technique - ion im- 
plantation and epitaxial lift-off - are common to all CIS materials. 



12.3.1 Ion Implantation: The Core of the CIS Process 

Ion implantation is an important technology for the semiconductor industry that 
has been turned into an extremely practical and economical fabrication tool. As 
such, it has also been employed to modify the surface and structural properties of 
many metals and insulating materials, including optical materials. For example, 
deep He + implantation has been used to create planar and channel waveguides in 
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LiNb0 3 and KNb0 3 [38,39], as well as in some important laser hosts and nonlin- 
ear optical materials (KTiOP0 4 , YAG, LiB 3 0 5 , (3-BaB0 3 ) where conventional 
waveguide formation is not possible [40,41,42]. 

Contrary to conventional diffusion techniques, ion-implanted profiles are sharp, 
localized, and well defined, even at high dose levels. The origin of these features 
is in the ion-interactions with the target material and the corresponding energy 
transfer during electronic scattering and nuclear collisions. The rate of energy 
transfer for each process is dependent upon the nuclear charge and mass of incom- 
ing ions and target atoms(s) as well as the ion energy. A qualitative dependence of 
the rate of energy transfer (stopping power) for light ions is shown in Fig. 12.1 
[38]. 





Fig. 12.1. A qualitative comparison of electronic (dashed line) and nuclear (solid lines) 
stopping powers for light ions entering a target (a) and their effect on implanted ion distri- 
bution (b) 

The dashed curve denotes the electronic stopping prevalent at higher energies; 
the solid curve describes collisions with the host matrix nuclei (Rutherford scatter- 
ing) that dominate at lower ionic energy, spatially corresponding to the end of the 
ion range. Consequently, this region is expected to show most damage. 

While the nuclear energy transfer involves direct projectile - target atom colli- 
sions, the electronic energy loss comes about due to several types of interactions: 
direct kinetic energy transfer to target electrons due to electron-electron interac- 
tions, excitation or ionization of weakly bound target electrons of the projectile 
ions, etc. Calculation of nuclear and electronic stopping requires thorough knowl- 





Single-Crystal Lithium Niobate Films by Crystal Ion Slicing 423 



edge of the interaction potential. Historically, a wide range of potential functions 
has been implemented. The first unified approach was proposed by Lindhard, 
Scharff and Schiott [43]; with a few modifications, this approach, known as the 
LSS theory, has become the core of many ion implantation CAD packages [44]. 
While the most relevant results of the LSS theory are summarized in Fig. 12.1, its 
full analysis is beyond the scope of this work and will not be presented here. 

Implanted Ion and Damage Distribution 

To a good approximation, the distribution of the implantation damage follows the 
distribution of the implanted ions. However, as the atomic displacement in the 
damaged region results not only from the primary atom-ion collisions but also 
from secondary ones, the peak in the damage profile will be shifted somewhat 
closer to the surface. The degree of damage depends on the ion dose, and, to a 
lesser extent, the initial ion energy (the larger the energy, the larger the straggle, 
and the smaller the damage per unit depth). In addition, ion damage is a volumet- 
ric effect, i.e. some host atoms will see displacement even near the surface. At 
high doses, the atoms may be displaced more than once. Thus, the damaged region 
will comprise both vacancies and interstitials, as well as other, more complex de- 
fects [44]. Accurate damage distribution profiles can be obtained using implanta- 
tion CAD packages. 

Channeling effects arise in realistic crystal structures, but can be neglected for 
high ion doses (true for the CIS process) and heavy ions. A standard way to elimi- 
nate channeling is to force ions to propagate in a direction that departs from the 
crystallographic axis/plane. For most practical applications, implantation at 7° will 
secure that the channeling is suppressed. This approach has been employed for the 
CIS process throughout. 

Damage production is a function of ion dose, temperature and any pre-existing 
lattice disorder. More defects are retained at lower implantation temperatures 
(here, referred to as the temperature of the sample holder platform). At lower 
doses, point defects dominate the implanted region, while additional damage can 
be inhibited by any reasonable thermal treatment. However, as the dose is in- 
creased, the lattice damage and disorder build up, causing excess stress in the 
damaged region. If the damage is retained and there are no annealing effects, the 
disordered lattice eventually amorphizes, and additional dose increase results in 
saturation of the level of retained damage. Many crystal properties will follow this 
saturation effect, including lattice parameters, density, hardness and refractive in- 
dex. Different crystal parameters will have different thresholds for exhibiting this 
saturation effect. 

In LiNb0 3 the ion implantation does not readily amorphize the implanted re- 
gion for the species and doses used in the CIS process; this is particularly true for 
implantation with light ions, such as He + , where amorphization levels are never 
reached [44]. In the implanted regions, He forms gaseous bubbles, also referred to 
as blisters. At lower doses the bubbles are small, but as the dose becomes larger, 
they tend to group and form a layer. Such He layers are also seen in implanted 
sapphire substrates [44] and in semiconductors (Si) after He + /H + co-implantation 
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[45]. The growth of the bubble layer formation can result in exfoliation of the film 
above the damaged region. This effect can occur both during the implantation or 
the post-implantation thermal treatment [30,45,46]. In both cases, however, there 
exists an activation temperature and ion dose for the effect to take place. 

Although implanted LiNb0 3 does not form a true amorphous phase, dose- 
dependent alterations are easily observed. Gotz and Karge implanted LiNb0 3 with 
150 keV N + at room temperature, which resulted in damage accumulation at ~ 100 
nm beneath the surface [47]. Changes in crystallinity, volume expansion, refrac- 
tive index, and etch rates in HF were monitored at various dose levels. Qualita- 
tively the same, these modifications were a strong function of crystal orientation. 
The most notable change was the etch rate enhancement in Y-cut crystals. For a 
~10 16 cm' 2 N + dose, the Y-surface became almost 1 000 times more susceptible to 
HF attack [47]. As will be shown later, deep He + implantation combined with a 
post-implantation heat treatment, can cause the damaged layer to etch with selec- 
tivities better than 10 000; this, in fact, is the kernel of the CIS process [28,29,30]. 



12.4 Thin Film Layer Transfer Using Crystal Ion Slicing 



12.4.1 Wet-Etch Crystal-Ion-Slicing of Micron-Thick LiNb0 3 Films 

It is well known that LiNb0 3 can be readily etched in HF acid or a mixture of 
HN0 3 and HF acids. The process is highly selective so that different crystal direc- 
tions (planes), and even opposite faces of one same orientation, exhibit different 
etch behavior. For example, in domain-engineered wafers of Z-cut LiNb0 3 ex- 
posed to a 1:2 mixture of HF and HN0 3 at 49°C, only the Z domains are attacked 
(etch rate ~2.4 pm/hour), while the Z + domains remain unaffected [48,49]. Also, 
the N + -modified Y-surface of LiNb0 3 exhibits an almost 1000-fold etch-rate in- 
crease in HF compared to the virgin surface [47]. Through ion implantation one 
can, in fact, modify the properties of a thin sheet of LiNb0 3 located several mi- 
crometers below the surface, and then, given a suitable etchant, have the affected 
layer selectively removed, resulting in the separation of micron-thick films. 



12.4.2 Sample Preparation and Implantation 

Wet-etch CIS employs the formation and subsequent preferential etching of a nar- 
row, buried damaged sacrificial layer obtained by implanting energetic He + . 

The process starts by appropriately choosing the orientation of the single- 
crystal LiNb0 3 wafer. Crystal cuts of LiNb0 3 customarily used in the CIS process 
involve Z-cut and X-cut wafers, important for both passive and active IO circuits; 
other orientations have also been studied, such as phase-matched for sum- 
frequency generation at 1.55 pm wavelength (crystal angles 0 = 46.9°, q>= 30°; in 
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the following referred to as the &<p-cut). The single-crystal wafers are cut into ap- 
propriately sized rectangles (e.g. 2 cm x 2 cm), their bottom surface is evaporated 
with Cr or Al, and bonded onto A1 base plates using colloidal Ag paste. The role 
of bottom surface metallization is to provide good thermal and electrical contact 
between the crystals and the base plate. The bonded samples are mounted on a wa- 
ter-cooled sample-holder whose temperature is constantly monitored with a ther- 
mocouple. The base plate is surrounded by four Faraday cups, which are used to 
monitor the dose delivered to the targets. During implantation, the ion current den- 
sity is maintained constant at 0.250 pA/cm 2 . Depending on the dose, the implanta- 
tion time will vary: a dose of 5xl0 16 cm' 2 with the above current density will re- 
quire ~9 hours for completion. 

Once implanted, the wafers are diced into samples of appropriate size whose 
side facets are then polished. This step is required in order to remove the non- 
uniformities in the implantation profile close to the edges introduced during im- 
plantation. Samples intended for use in 10 circuits will require a higher-quality 
end polish, typically a 50-nm-flatness. 



12.4.3 Wet-Etch Lift-Off 

Polished samples are then immersed in a solution of 49% HF diluted with de- 
ionized water (1:9 vol.). For Z-cut samples of rectangular shape, an undercut de- 
velops in the sacrificial layer from all four sides, and propagates uniformly to- 
wards the center. The undercut length is easily measured using Nomarski micros- 
copy, by observing the extent of the interference fringes created by the air gap 
between the partially lifted film and the substrate. 

The time needed for lift off depends on the film size, HF concentration, and the 
ion dose. Since the etching is uniform, the lift off time is determined by the sam- 
ple width. For a 3 mm wide sample, a complete film separation from the parent 
wafer implanted with of 5xl0 16 cm' 2 He + requires approximately 27 hours; thus, 
the average rate is ~1 pm/min. An extra factor of 0.5 is introduced to account for 
the fact that two undercuts develop from opposite surfaces. In this manner, films 
up to 1 cm in length have been obtained [28]. 

Samples have also been prepared from a single-crystal LiNb0 3 wafer phase- 
matched for second harmonic generation (SHG) at 1.55 pm {0q> -cut) in the same 
manner as detailed earlier. Here, however, the implantation energy was varied 
from 3.18 to 3.8 MeV, corresponding to an 8 to 10 pm ion range (the dose was 
kept the same, 5xl0- 16 cm' 2 ). Unlike the Z-cut samples, immersing the 0(p-ou\ wa- 
fers in HF does not result in successful lift-off, although some etching of the sacri- 
ficial layer can be observed. These results indicate that the process is a strong 
function of crystal orientation. Specifically, etch rates measured in the case of 3.18 
MeV implants were unacceptably small, ~50 pm/day/facet. A remedy has been 
found in heat-treating the implanted wafers, so as to affect the distribution of im- 
planted He + as discussed below. 
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12.4.4 Etch Rate Enhancement by Rapid Thermal Annealing 

Implanted He + does not go into solid solution in the host matrix; instead, heat 
treatment drives the ions to regions of larger damage where they coalesce, gener- 
ating additional vertical stress. The stress, in turn, makes the sacrificial region 
more susceptible to HF etch. 

To prepare the implanted samples for etching, they are first thermally processed 
by rapid thermal annealing (RTA) in forming gas (5% H 2 - 95% N 2 ). Lift-off ex- 
periments performed for different annealing schedules (250-700°C for 5-60 s) 
show that a temperature of 300°C is optimal for the 6(p -cut films, while for Z-cut 
samples, 400°C yields significant etch-rate enhancement [30]. In contrast to the 
as-implanted 0(p-c\xt control samples (etch rates ~50 pm/day/facet for 3.18 MeV; 
~20 pm/hour/facet for 3.8 MeV), annealed implants develop uniform undercut af- 
ter only minutes in HF. An etch-rate enhancement of more than 140 has been re- 
corded for 3.18 MeV RTA implants (Fig. 12.2). Such high etch rates result in CIS 
films of excellent surface quality and as large as 20-50 mm 2 detached in a few 
hours. In all cases, the undercut length appears to be a linear function of time; this 
differs from lift off in III-V materials, where etch saturation is observed [50]. The 
rate enhancement for higher ionic energies is better than 15, but the corresponding 
initial etch selectivity is already high. Interestingly, post-anneal rates are close in 
value irrespective of the ionic energy, even though performance before RTA dif- 
fers markedly (Table 12.1) [30]. 

Table 12.1. Etch-rates before and after RTA for SHG- and Z-cut LiNb03 material im- 
planted with 5xl0 16 cm' 2 He + for several implantation energies 



Sample 


Before RTA 


After RTA 


3.18 MeV 
09 -cut 


-2 pm/hr 


-4.5 pm/m in 


3.50 MeV 
09 -cut 


not recorded 


-5 pm/min 


3.80 MeV 
09 -cut 


-20 pm/hr 


-5 pm/min 


3.80 MeV 

Z-CUt 


-20 pm/hr 


-3 pm/min 



This result may be understood from the He profiles, where shallower implanta- 
tion results in smaller longitudinal straggles, and, consequently, higher ionic den- 
sities in the sacrificial layer. 

Tests on Z-cut LiNb0 3 show etch rate enhancements upon RTA of ~9x for 3.8 
MeV He + implants, with rates ~1.5x those for Ocp -cut samples. Thus the post- 
RTA rates are nearly independent of the crystal geometry and the ion energy for 
those cases reported here [30]. Finally, RTA is found to be important in annealing 
out residual implantation damage [28]. 
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After lift off, the CIS films are removed from the etchant and rinsed in water, 
acetone and methanol. Care has to be taken while performing these tasks to avoid 
breaking the films. For larger films (~cm 2 ), the drying process is also a critical 
step. Rapid solvent evaporation can exert nonuniform stress on the crystal surface 
and induce film cracking. Special drying structures comprising vertical 200- pm- 
high 50- pm-diameter flat pillars separated by ~ 100 pm spacing lithographically 
patterned in SU8-layers spun on Si wafers have performed well in allowing for 
uniform solvent evaporation. 



Time [day] 





Fig. 12.2. The effect of RTA on undercut evolution in 0cp LiNb0 3 implanted with (a) 
3.18MeV He + (etch enhancement >140), and (b) 3.8MeV He + (etch enhancement >15) 



12.4.5 Post-Slicing Anneal 

The detached films may still be under considerable stress as a result of the lift-off 
process, which may affect their materials properties. In addition, residual ion dam- 
age not removed during RTA may still be present. Although small, these changes 
can in principle affect the performance of actual CIS devices. To remedy this 
situation, one can follow the lift-off process by extended post-slicing annealing. 





428 M. Levy and A. M. Radojevic 



Annealing is carried out in a programmable tube furnace, in an atmosphere 
comprised of flowing oxygen. CIS films are first transferred onto clean dummy 
substrates of comparable temperature expansion coefficient (LiNb0 3 or LiTa0 3 ; 
quartz was also used successfully) and placed in the furnace at room temperature. 
The temperature is then gradually increased at 5-10°C/min ramp rates to ~400- 
700°C, kept constant over a certain time period (typically >6 hours), and then 
lowered down to the room temperature at ramp rates of -5 to -T0°C/min or by 
means of natural cooling. A faster temperature increase/decrease may result in 
film cracking during processing. 

The effect of annealing is noticeable, yielding bulk-like linear EO [51] and 
SHG [52] parameters in samples exhibiting a weaker p rior response. The effect is 
linked to the removal of residual stress and/or residual ion damage, and the recov- 
ery of bulk refractive indices [46,51]. However, we note that the ion-induced 
changes can also be used to tailor the response of CIS devices, whereby annealing 
may not have to be performed [52]. 



12.4.6 Understanding Etch Rate Enhancement 

Dynamic secondary ion mass spectroscopy (SIMS) shows that the post-RTA He + 
distribution evolves towards sharper and narrower spectra, yielding an increase in 
the internal pressure in the sacrificial layer [30]. Figure 12.3 compares the SIMS 
spectra of He and Li before and after RTA in implanted SHG-cut samples (Z-cut 
implants have similar profiles). These spectra are normalized to the total area af- 
fected by the implantation (~13 pm deep; ion range ~10 pm) assuming no He-loss 
during RTA. The observed ion range is in good agreement with that calculated us- 
ing SRIM 2000, consistent with the absence of significant channeling. Due to its 
low solid-solubility, He tends to fill in the implantation-generated microvoids. The 
results show that the post-RTA He distribution evolves towards narrower spectra, 
suggesting an increase in the pressure within the sacrificial layer. The high Li + 
mobility allows Li + to be displaced and replaced by He + . The peak seen in the He 
spectrum is shifted deeper into the bulk with increasing annealing exposure, while 
a depletion dip in the Li + spectra follows the same trend (Fig. 12.3/?). Such behav- 
ior indicates that a partial regrowth of the LiNb0 3 crystal lattice occurs from the 
film side of the sacrificial layer. The thermal evolution of internal microvoids and 
the corresponding pressure buildup in the sacrificial layer are believed to be re- 
sponsible for the enhanced etch selectivity observed in thermally treated samples. 
A similar phenomenon, albeit with an entirely different origin, i.e. chemistry and 
diffusion characteristics, has been reported for H + -He + co-implanted in Si [53]. 
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Fig. 12.3. SIMS (a) He + and (b) Li area-normalized spectra before and after RTA in 3.8 
MeV He + Qcp-cut LiNb03. The offset in the Li spectra is a measurement artifact. The 
graphs encompass the sacrificial layer only [30] 



12.4.7 Thermal Shock Slicing of LiNb0 3 Films 

The effect of RTA can be exploited for direct thin-film lift-off. As shown in Fig. 
12.4, rapid annealing of implanted samples can result in uncontrolled exfoliation 
above a certain temperature (dose- and orientation-dependent), usually shattering 
the film. This phenomenon points to vertical stress release during RTA. Allowing 
the stress to “propagate” laterally will make controllable thermal shock lift-off 
possible. The sample preparation procedure and implantation are the same as for 
the wet-etch lift-off. In Z-cut crystals, the same 5xl0 16 cm" 2 dose used in wet- 
etching can be employed. However, X-cut material shatters during implantation at 
this dose, but performs well for doses in the 2.0-2.5xl0 16 cm' 2 range. 

After cutting and polishing, the top surface of the implanted sample is thor- 
oughly cleaned and dehydrated. An optically flat handle wafer, such as LiNb0 3 , 
LiTa0 3 , or Si is placed in contact with the implanted sample surface. The samples 
are baked for -30 min on a hot plate at ~150°C, during which time surface charges 
are generated in the LiNb0 3 due to pyroelectric charging. The rather long decay 
time of the surface pyro-charges [10] ensures that the samples remain pyroelectri- 
cally bonded even after they are removed from the hot plate. 
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CIS film 




Fig. 12.4. Thermal-shock lift off: film shattering due to vertical pressure release (no handle 
wafer, left); controllable snap-off with a lateral stress release using support wafer (right) 

In the case of Si, it is believed that pyroelectric bonding is achieved through a 
thin native Si0 2 layer at the LiNb0 3 -Si interface. We note that pyroelectric bond- 
ing is not the only controllable way to prepare for thermal lift off. Other tech- 
niques such as anodic bonding can also be used. To effect thermal shock detach- 
ment the samples are exposed to temperatures > 700°C for Z-cut material and > 
550°C for X-cut material, for 5 to 10 s. 

The effect of thermal shock is essentially that seen earlier with the etch-rate en- 
hancement. The handle wafer acts as a stiffener and allows for lateral pressure re- 
lease in the sacrificial layer, protecting the film from shattering. It also provides 
for easier handling after separation, as the film remains attached to it. In some ap- 
plications, the bond strength may be sufficient to allow additional processing of 
the film underside (lithography, metallization, ion milling etc.). 



12.4.8 Film Morphology 

If unprotected during wet etching, the implanted surface is affected by the etchant, 
developing local roughness. Covering the exposed surface with a suitable protec- 
tive layer (such as an Apiezon black wax) suppresses the spurious etch. If the top 
surface is only partly masked, selective etching will take place, resulting in a step- 
like profile. By measuring the step height, vertical etch rates can be found (~4 
nm/h for a 1 :9 solution of 49% HF). The top surface of a virgin bulk crystal exhib- 
its similar etch rates to those of an implanted (~MeV He + ) sample for the same 
crystal orientation. The etch selectivity can thus be obtained by comparing etch 
rates in the sacrificial plane with those along the top surface normal. For samples 
that are not annealed this value is near 1 000; i.e. for every millimeter of lateral 
etch, 1 pm of the top surface is etched. Although the selectivity is large, it is not 
sufficient for practical applications; hence, the top surface has to be protected dur- 
ing slicing. In RTA-treated samples, however, lateral etching proceeds much more 
rapidly, and selectivities in excess of 20 000 are possible. 

Domain-engineered Z-cut LiNb0 3 is known to selectively etch in HF (the Z 
domains etch preferentially). Additionally, metal electrodes and/or buffer oxide 
layers (Si0 2 ) may be patterned on the implanted surfaces prior to lift off. In these 
cases, it is necessary to apply a protective cover to the top surface. 
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For optical waveguide applications, optimum coupling and low-loss propaga- 
tion demand that the guide walls be of the highest quality. In the CIS process, the 
film facets are exposed to the etchant. While the top film surface can be easily 
protected, the underside is affected during the implantation, RTA and slicing. 

Figure 12.5 shows scanning electron micrographs of a Z-cut LiNb0 3 film 
bonded to a glass platform. The top film surface has no apparent defects, while the 
sidewalls appear generally smooth and flat, with a few scattered defects. However, 
such defects are routinely seen in the polished bulk and are generally not detri- 
mental to optical performance. Thus, the CIS film facet quality can be expected 
not to be an issue in making practical 10 CIS devices. 




Fig. 12.5. SEM micrograph of a CIS LiNb03 film fabricated from a 3.8 MeV He + Z-cut 
implant (5x1 0 16 cm' 2 dose): full view of a film bonded to a glass platform - top surface 
{left), and a closer view of the film facet polished before etching {right) 




Fig. 12.6. Optical micrograph of the underside surface of a domain-engineered Z-cut 
LiNb0 3 film. The rectangle inset is a lOOx magnification of the film surface. A domain 
boundary is emphasized due to the selective domain etch 

On the other hand, optical micrography shows that the underside surface of Z- 
cut samples is decorated with shallow linear grooves of trigonal symmetry. The 
pattern is more pronounced in samples not annealed prior to lift off, while in ther- 
mally treated films it becomes shallower, denser and more uniform, eventually 
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melding into a fine web of shallow crack-lines (rectangular inset in Fig. 12.6). In 
fact, these grooves are seen immediately upon implantation; their origin lies in the 
interaction of He + ions and the crystal lattice at the end of the ion range. The ob- 
served trigonal symmetry indicates that cracks develop along the crystallographic 
planes. 




Distance [pm] 

Fig. 12.7. AFM micrographs of the CIS film underside, corresponding to two different CIS 
films. See text for additional information 

Atomic force microscopy (AFM) scans of the underside surface of separated 
films indicate that the underside is generally smooth, with a peak-to-peak rough- 
ness of <30nm (A/50, A = 1550 nm) and an RMS value of <10 nm (A/150), as 
measured across a scanned 30 pm x 30 pm area. Typical AFM scans recorded for 
Z-cut LiNb0 3 films obtained from 3.8 MeV He + (5 xlO 16 cm' 2 ) implants are 
shown in Fig. 12.7 (for two different CIS films obtained from different implanta- 
tion runs). Similar characteristics are observed in CIS films obtained by thermal 
shock. 

For wet etched films, the area closer to the perimeter etches more than near the 
center, due to longer exposure to HF. The films are found to continually and 
gradually vary in thickness, thicker in the center and thinner towards the edges, 
with a maximum height difference (warp) of -120 nm over a 10 mm distance. For 
in-plane optical signal propagation this variation is not critical, especially given 
that practical IO devices require channel guides fabricated from the top surface be- 
fore lift-off. These waveguides can be defined so that the guided-mode size is 
smaller than the film thickness. On the other hand, in pyroelectric thin-film detec- 
tors, film thickness variations will affect the absorption due to Fabry-Perot inter- 
ference effects (the change is -10% for the above change in thickness). By apply- 
ing highly absorptive anti-reflective coatings (e.g. gold black), this effect can be 
greatly minimized if not completely eliminated. 
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12.5 CIS Process for Active-Control Integrated 
Optic Devices 

In active 10 devices a buffer oxide layer may be required in order to suppress the 
absorption of TM modes by the metal electrodes. Thus, the formation of CIS films 
with pre-patterned buffer layers and metal electrodes residing atop the film is of 
interest for EO-tunable applications. Tests have been conducted where thin layers 
of Si0 2 , up to 400 nm thick, were grown on several ion-implanted and proton- 
exchanged Z-cut LiNb0 3 wafers with two-dimensional annealed proton- 
exchanged (APE) channel waveguides [54,55], using a low-temperature (200°C) 
plasma-enhanced chemical vapor deposition process [56]. In this case, a low- 
temperature oxide growth is needed in order not to affect either the proton or the 
ion distribution in the processed wafers. The Si0 2 _covered samples were thermally 
evaporated with a 50-nm-thick Cr layer and lithographically patterned and etched 
to remove Cr and Si0 2 from the edges of the samples, revealing a 100- pm-wide 
ring of bare LiNb0 3 to prevent spurious etching of these layers during lift-off. 




Fig. 12.8. Scanning electron micrographs of a CIS LiNb0 3 film with channel APE guides 
and a patterned Cr electrode layer at the top 

The samples were covered with a protective layer of black wax and wet-etched 
in HF, resulting in APE CIS films with fully preserved, pre-patterned Si0 2 and 
metal layers at the top film surface. Several analytical tools (nuclear reaction 
analysis, prism coupling, etc.) were used to show that the various employed proc- 
esses, intertwined with one another, could be treated as nearly uncorrelated [56]. 

Shown in Figs. 12.8 and 12.9 are a scanning electron micrograph and an optical 
micrograph, respectively, of CIS LiNb0 3 films with APE channel regions and 
mask openings patterned in Cr, showing a complete transfer of pre-patterned metal 
and buffer oxide layer in CIS films. 
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Fig. 12.9. Optical micrographs of a 5x5 mm 2 CIS LiNb0 3 film with channel APE guides 
and a patterned chrome electrode layer at the top. The film is formed on a glass substrate 



12.6 Thin-film Bonding and Hybrid Integration 

Once fabricated, the thin films can be mounted on heterogeneous planar surfaces 
and held via attractive Van der Waals forces [28]. Other bonding techniques, such 
as pyroelectric bonding or an etch-proof epoxy between the implanted surface and 
the substrate can also be used for planar integration. Direct low-temperature 
(200°C) bonding has been used to integrate liquid-phase-epitaxy-grown YIG films 
with various semiconductors, eventually resulting in 3- pm-thick Bi-YIG films on 
6- pm-films of GGG on Si [31]. Shear-stress measurements between the garnet 
films and a few semiconductors under different surface conditions show that Bi- 
YIG-GaAs and InP heated to 200°C yield comparable bond strength to a Si-Si in- 
terface [31]. Similar results have been obtained with LiNb0 3 films bonded to InP 
and Si, either by low- temperature or direct bonding [57]. 

Anodic bonding [58] was also successfully combined with the CIS process to 
produce thin BaTi0 3 films permanently bonded onto glass support platforms [34]. 
This method is beneficial in that it allows for additional processing of the film un- 
derside after lift off using conventional lithography. The technique can also be ex- 
tended to other crystals, but the process is limited to ion-rich glass substrates. 

For normal-incidence 10 applications, CIS films can be inserted into etched or 
diced-in slots, and sealed with UV-cured index-matching epoxy. Such an approach 
has been pursued in realizing polarization mode conversion in hybrid 10 devices, 
e.g. in silica-based and polymeric waveguide circuits [46,59,60]. 



12.7 Optical Properties of Sliced LiNbOs Films 

Thus far we have addressed the essential steps of the CIS process employed in 
fabricating thin LiNb0 3 films. The morphology of the ion sliced films has been 
found to be suitable for use in 10 components. 
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Diffraction angle 0 I deg] 

Fig. 12.10. XRD rocking curve profiles of virgin, He + -implanted and rapid thermally an- 
nealed implanted LiNb03 

In order to probe the crystallographic structure and lattice distortions in CIS 
LiNb0 3 films, Levy et al. [28] studied implanted samples using X-ray diffraction 
(XRD, rocking-curve measurements) [61]. The implanted region above the sacri- 
ficial layer was probed with Cu Kal line radiation. These results were compared to 
those for virgin LiNb0 3 , probed under the same conditions. Figure 12.10 exhibits 
XRD reflection data from the (006) LiNb0 3 planes for virgin, He + -implanted and 
RTA He + -implanted samples. The He + ion range and the dose were 10 pm and 
5xl0 16 cm~ 2 , respectively. The penetration depth of the X-rays was 7 pm; hence, 
the results presented in Fig. 12.10 were free from potential artifacts due to sacrifi- 
cial layer and lattice disorder therein. While all the recorded spectra have the same 
peak position (19.47°), the full-widths at half-maxima differ slightly, being some- 
what wider in the implanted but not annealed samples, due to residual ion damage 
within the probed volume. However, a comparison of XRD profiles for RTA- 
treated implants and virgin bulk shows negligible differences (0.087° vs. 0.077° 
FWHM). Thus, the degree of distortion in CIS films generated by He + ion implan- 
tation is significantly smaller than that present in deposited polycrystalline 
LiNb0 3 , as shown by the fact that XRD spectral peaks are typically an order of 
magnitude broader in the latter. Moreover, careful examination of the Z-cut 
LiNb0 3 film material after lift-off using optical polarization microscopy and a 
domain selective etch shows no signs of polarization domain scrambling. 

The room temperature dielectric constant, e 33 , has been probed by depositing 
metal electrodes on the top and bottom of CIS films, and by measuring the result- 
ing capacitance with an LRC multimeter at frequencies of 1 Hz and 10 kHz. The 
detected value of 30.9 is in good agreement with bulk dielectric constant meas- 
urements [28]. Levy et al. also observed an interesting phenomenon while testing 
the temperature dependence of the dielectric response between 20 and 100°C [28]. 
The film samples behaved differently from the virgin bulk in that their dielectric 
response exhibited a kink at ~70°C with a slope of approximately 0.2 K" 1 , while 
the bulk response remained nearly temperature-independent. The phenomenon 
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was observed during both cooling and heating. A similar temperature dependence 
was seen in the pyroelectric response of CIS films. While the measured pyroelec- 
tric coefficient in the films coincides with that of the bulk up to 60°C (4x1 CT 5 
C nf 2 K _1 at 20°C), above this temperature the response in the films increases rap- 
idly, almost two-and-a-half times the value of the bulk response at 90°C. Although 
not fully understood, the observed effect suggests that the CIS material may be 
used in pyroelectric sensors with enhanced response at elevated (constant) ambient 
temperatures. 



12.7.1 Linear Optical Properties 



12.7.2 Material Loss and Refractive Index 

Optical propagation loss in thin LiNb0 3 CIS films was measured with 2D channel 
waveguides. These guides were fabricated using a conventional APE technique 
[54,55], followed by the ion slicing process [56]. The guides were designed to be 
single-mode at a 1550 nm wavelength, with a guided-mode cross-section compa- 
rable to that of a standard single-mode SMF-28 fiber. The optical loss measured in 
10- pm-thick films was is in the 0.2-0. 8 dB/cm range. These values are typical of 
APE waveguides produced in bulk LiNb0 3 [62]. 

Another important material feature of LiNb0 3 is its large birefringence, which 
at 1550 nm amounts to An = n e -n Q = 2.1380-2.2026 = -0.0646. This allows for 
potential use of micrometer-thick CIS LiNb0 3 films as zeroth-order IR and near- 
infrared (NIR) wave retarders. Prism coupling in conjunction with the dark mode 
ra-line technique [63] has been used to probe the ion-implanted material before lift 
off as well as the freestanding films produced by lift off, and showed that the val- 
ues for ordinary and extraordinary refractive indices in the film are equal to the 
bulk values to within experimental error (-5%). We should note, however, that ion 
implantation itself alters the properties of the film in regions close to the damaged 
layer: these modifications are reflected in an increase of n e (An e -0.8%) and a de- 
crease in n Q (A n Q —0.5%), for ion doses -10 16 cm' 2 and energies > IMeV [44]. 
Such ion-induced changes in birefringence can be used to effectively tailor the lin- 
ear optical properties of thin films. For example, these changes will have a direct 
influence on modulator parameters, such as optical-phase bias and extinction ratio 
[51]. Below we show that a post-slicing anneal repairs most of the residual ion- 
induced damage in the films. Similarly, Radojevic et al. have shown that the peak 
in polarization conversion ratio in CIS film half-wave plate retarders shifts to- 
wards longer wavelengths after the films are annealed in oxygen at moderate tem- 
peratures (~500°C) for extended time periods time [64]. Finally, by tuning the bi- 
refringence, it is possible to alter the nonlinear optical response (phase-matching) 
in IO film devices for nonlinear optical frequency conversion [52]. 
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12.7.3 Linear Electro-Optic Properties 



To probe the linear EO response of Z-cut LiNb0 3 films, Ramadan et al. deposited 
0.3-pm-thick Al electrodes on both film faces, and placed the films between two 
crossed polarizers to form an intensity film modulator [51]. Linearly polarized 
light was coupled into the slab waveguide at 45° to the optic axis equally exciting 
TE and TM slab modes. The light intensity through the analyzer was controlled by 
applying a voltage across the film thickness. For this geometry, the intensity be- 
yond the analyzer is equal to 

Kut = hn sin 2 (A^>/ 2) (12.3) 



and the phase change is given by [65] 
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(12.4) 



Here m denotes the modal parameter. The V K L product thus becomes 

v x L = Ad/(r 33 n e J-r u n 0 J) ( 12 - 5 ) 

Comparison of the measured V n L product with calculations using bulk parameters 
yields agreement to within experimental uncertainty. The CIS films used in the 
experiments were 1-mm-long and 10- pm-thick, and the measured V n L values 
were in the -8-12 Vcm range; the lower limit corresponding to the case where 
electrodes were evaporated on both film surfaces. This result is in excellent 
agreement with computed voltage-length products of 8 Vcm using bulk electro- 
optic parameters. The measured modulator extinction was 13 dB; this relatively 
low value was expected due to absence of the buffer (oxide) layer on the both film 
surfaces, causing excess absorption of the TM mode, and a TE-TM power imbal- 
ance [51]. Nevertheless, the experiments showed that, within experimental error, 
the CIS LiNb0 3 films maintain the EO properties of the bulk crystal, presenting a 
major improvement over polycrystalline films (4% of the bulk EO response [27]). 



12.7.4 Second-Order Nonlinear Optical Properties 

Directly related to the linear EO effect is the second-order nonlinear optical re- 
sponse, governing the various optical frequency-mixing processes, such as sum- 
frequency generation (SFG), parametric oscillation, etc. Several experiments have 
been performed to quantify the optical nonlinearity of CIS LiNb0 3 films; critical 
and non-critical, birefringently phase-matched single-domain films were consid- 
ered [52], as well as the non-critical quasi-phase-matched (QPM) optical interac- 
tions in films with a periodical domain structure [66]. The experiments show that 
implantation-induced changes introduced during the CIS process can be combined 
with waveguide modal dispersion to achieve non-critical phase-matched frequency 
conversion in Z-cut material [52]. This strategy can be particularly useful in re- 
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ducing the phase-matching temperature in Z-cut CIS samples, where, for example, 
a non-critical phase-matched doubling at 1.55 °cm is otherwise impractical, requir- 
ing temperatures as high as 500°C. Critical phase-matching without walk-off has 
been demonstrated in films obtained from LiNb0 3 crystals oriented for birefrin- 
gent bulk phase-matching (0(p-c\x\) [52]. Finally, domain periodicity, optical 
nonlinearity and material dispersion of bulk material are preserved in CIS films 
fabricated from periodically poled LiNb0 3 (PPLN) wafers [66]. For brevity, we 
describe here only the results obtained in CIS PPLN films. 



12.8 Quasi-Phase-Matching 

in Single-Crystal Periodically-Poled LiNb 03 Films 

The strongest mode conversions for second-order QPM nonlinear interactions 
(shortest interaction lengths) are obtained in first-order QPM (50% duty cycle) 
[67]. To test optical conversion, CIS films have been prepared from 0.9-mm-wide 
40-mm-long 50%-duty-cycle gratings with periods, A, ranging from 18.6 jam to 
20.4 pm using the wet-etch CIS process [66]. These grating periods are suitable 
for QPM interactions of optical signals in the C telecom band (-1520-1590 nm) 
and a signal around 780 nm. In our experiments, this involves a three-wave mix- 
ing process between the pump photons (co) from an additive-pulse mode-locked 
Er-doped fiber laser (1550 nm, 120 fs pulse width, 40 MHz repetition rate, -50 
nm bandwidth) [68], and a sum- frequency-generated photon stream at -780 nm 
(2co). The grating-vectors are parallel to the X crystallographic axis. 

Freestanding PPLN films as large as 10 mm x 10 mm were used in these ex- 
periments, annealed in a flowing 0 2 atmosphere at 400°C for 6 hours and bonded 
onto a glass platform (Fig. 12.11, left). The films were visually inspected using 
Nomarski-prism optical microscopy and showed no irregularities in the domain 
structure. 

In order to determine the dispersion and optical nonlinearity of the CIS PPLN 
material, the film spectral response was measured and compared with that com- 
puted for films assuming bulk optical properties. A comparison of film and bulk 
spectra was also performed, for the same sample lengths and same QPM periods. 
The results for three adjacent gratings from a single 1.46-mm-long PPLN film are 
given in Fig. 12.12a-c. The theoretical response curves for PPLN films with as- 
sumed bulk properties are also plotted. These measurements show FWHM band- 
widths of -4 nm in all three cases. The experimental data are in excellent agree- 
ment with theory, further confirming that the guided waves propagate 
predominantly in the fundamental mode and that the periodic domain structure is 
preserved. 
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Fig. 12.11. Optical micrograph of a 10 pm-thick 8x4 mm 2 CIS PPLN film with 8 QPM 
gratings mounted on a glass platform {left). Magnification of a differential-etch pattern on 
the film top (right); the domain periodicity is retained after processing. The top film surface 
was not protected during lift off 

Figures 12.12. (d— f) display the measured SFG spectra obtained from a 3.1- 
mm-long PPLN film and the corresponding bulk substrates for the same QPM pe- 
riods as before. The observed shifts of the QPM peaks of ~10 nm are in accord 
with the expected waveguide modal dispersion. Again, the same FWHM band- 
widths (~1.9 nm) are measured for both bulk and film gratings, indicating that the 
PPLN films retain bulk dispersive properties. A comparison of the FWHM for 
1.46- and 3.1-mm-long films shows that the measured bandwidths are inversely 
proportional to the interacting length (-1 /L). This behavior is the expected scaling 
law for second-order nonlinear mixing processes. 

Finally, the experiments show that the 2co power in the films varies 
quadratically with the power of the incident fundamental. An analytical expression 
was developed to compare the film response with the corresponding bulk in the 
limit of negligible absorption, assuming no pump depletion and similar levels of 
optical broadening for both co and 2co signals [19,66]. The analysis allowed the 
d^/d^ (film and bulk) ratio to be directly extracted from the measured power 
levels, resulting in a value of 0.85+0.08. The error is conservative and ignores 
some hard-to-quantify quantities such as the exact modal structure, higher-order 
dispersion effects, etc. Along with the earlier results on single-domain films [52], 
the measurements suggest that the PPLN films essentially retain a bulk % (2) re- 
sponse. 

We also note that no evidence of photo-refractive limiting (optical damage) was 
seen in PPLN films, otherwise commonly manifested at room temperatures as a 
gradual decay of harmonic signals. The absence of optical damage is believed to 
be due to ion implantation, in agreement with the optical damage removal seen in 
proton-exchanged LiNb0 3 guides treated with high-energy He + [69]. 
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Fig. 12.12 SFG spectra for (a)-(c) 1.46-mm and (d)-(e) 3.1-mm-long bulk and 10 pm- 
thick CIS PPLN films on glass. The curves are computed assuming bulk material proper- 
ties. The QPM periods examined are (a) and (d) 18.6 pm, (b) and (e) 18.8, pm, and (c) and 
(f) 19.0 pm [66] 



12.9 Zero-Order CIS Film Wave-Retarders 

Controlling and manipulating the state of polarization of an optical signal is of 
great importance for many applications involving light propagation, whether in 
guided media or in free-space. Although different approaches can be applied in 
addressing these issues, for many techniques a common denominator exists in that 
the light propagates in a birefringent medium, causing orthogonal polarization 
states to accrue different but predictable and controllable phase shifts, and thus be 
retarded one relative to the other. This is in stark contrast to what happens in opti- 
cal fibers, where for a known input, the output polarization state can for all practi- 
cal matters be considered undetermined. 

A very practical approach to achieving this control in 10 circuits is in the 
switching between the TE and TM polarization modes via thin half-wave (A/2) 
plates inserted in grooves etched or diced in the midplane of a symmetric 10 de- 
vice. This has already been implemented in silica-based planar waveguides using 
14.5- pm-thick zero-order polyimide A/2 plates, whereby low-loss polarization- 
independent operation at -1550 nm with a TE-TM conversion of better than 20 
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dB was obtained [70]. However, it would be desirable to develop ultra-thin plates 
of materials other than polyimide. Specifically, polyimide is hygroscopic and 
highly susceptible to environmental changes, which limits its long-term perform- 
ance and stability. Also, the use of materials with larger birefringence would allow 
the realization of even thinner zero-order retarders, additionally reducing the dif- 
fraction losses. Finally, additional improvements in the polarization purity of con- 
verted modes would also be beneficial 

Being non-hygroscopic and possessing the high optical birefringence of the 
bulk material, LiNb0 3 CIS films can provide for ultra-thin retarder design. Addi- 
tionally, the ability to accurately control the film thickness by appropriately select- 
ing the ion energy in the implantation process, combined with a proper crystallo- 
graphic orientation, makes it possible to achieve an arbitrary optical retardation 
across the entire visible and NIR spectrum. 

When a plane wave propagates in an anisotropic medium, its polarization vec- 
tor can be decomposed into two normal modes of that medium, propagating at 
phase velocities cjn a and cjn b , where n a and n b are the respective refractive indi- 
ces. After a distance d , the two components will be relatively retarded by 

2k „ ( 12 . 6 ) 

Ap = — ■(n a -n b )-d = lK-R{X) 

A 

where R{X) is the optical retardance. If R(X) = m+ 0.5, where m = 0, 1, 2,..., the 
wave retarder is referred to as a half-wave (A/2) plate. If the fast A/2 retarder axis 
is set at an angle a relative to the polarization of a linearly polarized field, that 
field will rotate by 2a about the fast axis. Therefore, inserting a A/2 plate in an 10 
circuit and setting the fast axis at 45° relative to the direction of the incoming TE 
(TM) polarized signal, will result in a 90°-polarization rotation and conversion 
into a TM (TE) mode. 

Virtually any orientation of LiNb0 3 except that involving propagation along 
the optic axis can be used to produce retardation between the normal modes. The 
thinnest wave-plates are obtained for propagation normal to the optic (Z) axis. 
Thin LiNb0 3 CIS films have been fabricated from congruent-melt X-cut optic- 
grade single-crystal wafers in the same manner as described earlier, with a thick- 
ness corresponding to a zero-order (m= 0, see (12.6)) optical retardance in the C 
telecom band [46,64]. Positioned between a polarizer and an analyzer, the free- 
standing CIS films were probed with 1480-1570 nm laser light. The CIS retarders 
were also tested in hybrid-integrated devices: in the first case, CIS films were in- 
tegrated with conventional silica-based waveguide chips forming a polarization 
mode converter [64], and in the second, into a hybrid-integrated magneto-optical 
isolator [59,60]. 

Shown in Fig. 12.13 are the results recorded at 1520 nm, where the output light 
intensity is plotted against the analyzer angle for three different linear polarization 
states of the input beam, relative to the orientation of the film fast axis. As ex- 
pected for A/2 plates, when the CIS film is rotated by an angle a, the output po- 
larization rotates by 2a. A linear dependence of the output polarization rotation is 
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obtained throughout the ±45° range of a, with a measured slope of 3A/3a =1.98 ± 
0.02. Polarization conversion as high as -30 dB is feasible with CIS material [46]. 
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Fig. 12.13. Rotation of a linearly polarized light passing through a 10 pm thick CIS LiNb0 3 
wave-plate at 1520 nm. The left and the right figures feature the same dependence; only the 
scale of the ordinate (transmission) is changed from linear to logarithmic to emphasize the 
polarization purity of the rotated signal. Conversions close to 30 dB were observed 

Figure 12.14 shows the spectral dependence of the CIS X/2 plate conversion 
(90° polarization rotation) along with a theoretical conversion, computed for CIS 
films with bulk birefringence. The local maxima in the measured response are as- 
sociated with Fabry-Perot multiple interference effects. The measured peak (29.8 
dB) at -1520 nm corresponds to a calculated film thickness of 10.30 pm. This is a 
major improvement over the polyimide 7J2 plates, whose reported conversion is 
-20 dB [70]. 

Different approaches can be applied to integrate CIS waveplates into hybrid IO 
circuits. A typical one involves creating an ~100-pm-deep groove in the middle of 
an optical circuit by mechanical dicing. Approximately 21-pm-wide and 155-pm- 
deep grooves have been cut in 2 cm long silica-on-silicon optical chips comprising 
straight waveguides with a 10 pm mode field diameter (MFD). 

The hybrid-integrated mode converter was evaluated in the C band. The TE 0 o 
(TM 0 o) mode emanating from the front guide section was coupled through the CIS 
X/2 retarder into the TM 0 o (TE 0 o) mode of the output guide, with a 25-26 dB con- 
version. 

Thin CIS X/2 plates have also been integrated with polymer waveguides, a 
commercial 450- pm-thick Bi-YIG Faraday rotator, thin-film polarizers, and Nd- 
Fe-B thin-film magnets, forming an optical isolator [59,60], a critical element for 
stable operation of telecom lasers. 
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Fig. 12.14. Spectral dependence of the polarization mode conversion. Theoretical conver- 
sion is shown for a wave plate with bulk properties ( ), computed for 10.3-pm-thick 

films. Conversions close to 30 dB were measured 

To minimize the diffraction losses, guides with 20- pm-MFD were fabricated. 
The thin-film elements, including LiNb0 3 A/2 plates, were inserted into diced 
grooves, and the air-gaps filled with liquid monomer and UV-cured in order to fix 
the components and reduce scattering losses. For a fully packaged device and a 
TE-polarized input, the detected output was also TE polarized. An optical circula- 
tor was used to measure the back-reflected light: ~15 dB isolation was measured at 
1550 nm. This somewhat lower than expected isolation and a 2.2 dB measured 
excess loss are due to angular misalignments of the various thin-film elements. 
Nevertheless, the fabricated device clearly demonstrates the feasibility of a hy- 
brid-integrated optical isolator on a polymer/Si platform, using thin film LiNb0 3 
technology. 



12.10 Crystal-Ion-Sliced Thin Film Pyroelectric Detectors 

Another important application of CIS LiNb0 3 films is in pyroelectric detectors. 
Pyroelectric transducers belong to a wide class of thermal detectors characterized 
by the dissipation of input radiant power in absorbing media and the conversion of 
the corresponding temperature change into an electrical signal. Although their 
sensitivity is inferior to quantum semiconductor detectors, thermal detectors have 
several interesting features that make them particularly attractive. Operated at 
room temperature, they are characterized by a wide and nearly wavelength- 
independent spectral response extending from the UV to the far-IR. 
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Pyroelectric plate detectors obtained by chemical-mechanical polishing (CMP) 
have reached a practical aspect-ratio limit (width vs. thickness -100:1). On the 
other hand, ideal calibration standards should be thin and have large active areas, 
as the generated current is inversely proportional to the thickness and directly pro- 
portional to the illuminated detector area [71]. The thin CIS film material satisfies 
these general requirements. Freestanding, large-area single-crystal CIS films with 
aspect ratios greater than 500:1 have been integrated with amplifying electronics, 
packaged and evaluated as pyroelectric detectors [72,73]. In the following, we ex- 
amine the performance of these detectors, highlighting the improvements made 
over conventional pyroelectric plate sensors. 

In practical pyroelectric plate detectors, constraints related to detector mounting 
need to be considered. Specifically, in heat-sunk detectors, even small variations 
in the amount or quality of applied epoxies will affect the thermal conductivity 
and the detector response. Expanding the model for current responsivity in plate- 
thermal detectors developed by Phelan et al. [74], Lehman et al. showed that if a 
CIS LiNb0 3 plate is mounted on a heat sink, the current responsivity at low fre- 
quencies is less than in freestanding films for modulation frequencies <10 kHz, 
while there is only a limited range of frequencies over which the heat-sunk design 
is (slightly) better [72]. Most importantly, the spatial response of such plate detec- 
tors (a function of beam position and size) will depend only on the variation of 
film thickness, and not on the quality of thermal adhesion between the film and 
the substrate. 

Further, it is well known that the presence of acoustic background can signifi- 
cantly affect the pyroelectric response [14]. This problem can be addressed via the 
technique of domain engineering, which provides a basis for noise equivalent 
power (NEP) measurements that depend far less on acoustic background and am- 
bient temperature fluctuations [75]. These features are critical for the fabrication 
of transfer-standards for calibration of power meters used in fiber telecom sys- 
tems. In addition, having low thermal mass, domain-engineered thin-film detectors 
have the potential to play a role in low-energy short-pulse measurement applica- 
tions. 

Pyroelectric CIS material, 6- pm and 10- pm thick, prepared from both single- 
domain (monocell) and domain-engineered Z-cut LiNb0 3 wafers, was used in the 
experiments. In the case of the domain-engineered detectors, single-domain 
wafers were first poled at room-temperature, using a process similar to that de- 
scribed by Meyers et al. [76]. The domain-engineered films (bicell) had two sym- 
metric regions of equal area with opposite direction of spontaneous polarization, 
and therefore, opposite relevant piezo- and pyroelectric coefficients. The phase re- 
versal in adjacent detector regions is the basis for cancellation of the piezoelectric 
currents generated by ambient acoustic fluctuations [75]. The detector subassem- 
bly and package are shown Fig. 12.15. The CIS detector can be considered as a 
circular plate clamped between two concentric rings (glued using small amounts 
of epoxy) and, for all practical purposes - freestanding. Its active area is approxi- 
mately 3.3 mm in diameter. Ni electrodes of 25 pm thickness were used on both 
film surfaces; no additional absorbing layer was applied. Details of the choice and 
design of the pre-amplifying circuitry are given in reference [77]. 
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Fig. 12.15. CIS film detector mounting and packaging 

The response of the fabricated detectors was measured and compared to that of 
a similarly packaged 230- jam-thick detector prepared by CMP, using an 834nm 
laser source mechanically chopped at 100 Hz. Relative to the reference detector, 
the 6- and the 10- jam-thick CIS detectors were expected to be 38 and 23 times 
more sensitive, respectively; the corresponding maximum signal enhancements 
were measured as 21 and 36, in close agreement with the expected values [72,73]. 

The NEP was measured at three optical power levels: 0.02, 0.2 and 2 mW, us- 
ing a current-controlled GaAs laser, mechanically chopped at 1 00 Hz, resulting in 
a nearly flat average NEP (~28 nW/Hz 1/2 ) throughout the above power range for 
the CIS monocells. These measured NEP levels are comparable to those seen in 
other detectors having no window [77]. The NEP measured in bicells at 16 Hz and 
100 Hz was 6 nw/Hz 1/2 and 22 nW/Hz 12 , respectively, consistent with the detector 
frequency response. 

To verify the reduction in acoustic sensitivity, the response of a bicell was 
compared to that of a comparable monocell at 100 Hz [73]. The acoustic sensitiv- 
ity of the domain-engineered detector was 24 dB below the sensitivity of the 
monocell, with a standard deviation of 1 dB for 60 samples acquired for each de- 
tector. The spatial uniformity was measured at 1570 nm (0.3 mW power signal; 
chopped at 75 Hz), with a 100 jam resolution [73]. A surface map of the data col- 
lected from a 10 jam thick bicell detector is shown in Fig. 12.16. The response of 
the two regions is characterized by a complete 180° phase-reversal. The asymme- 
try in the response magnitude is due to the slightly different thickness of the two 
regions and the optical interference effects, caused by preferential HF-etching of 
the Z half underside. This effect can be greatly minimized by applying a high- 
efficiency coating such as Au-black, which can convert more than 99% of the in- 
cident power into thermal energy, whereas only 35% is converted using Ni elec- 
trodes. The reduced response observed at a (0.5mm, 2mm) coordinate corresponds 
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to the location of excess conducting epoxy on the back face, which acts as a heat 
sink at frequencies <10 kHz. 




Fig. 12.16. Surface map of the spatial uniformity of a bicell detector [73] 

Finally, the bicell and the monocell response were compared over a range of 
operable temperatures from 22°C to 34°C. Only a small portion of a uniformly 
poled detector area was illuminated. While the bicell signal change was <1.5% 
within the temperature range, the maximum monocell excursion was 4%. The al- 
most three-fold reduction in sensitivity to ambient temperature “fluctuations” is 
expected, based on previous accounts. However, considering the subtleties of 
physically mounting the CIS film on the supporting ring and applying the adhe- 
sive, no attempt was made to quantitatively predict the temperature dependence. 
In general, relative to single-domain detectors, bicell detectors will typically be 
less sensitive to ambient temperature changes; however, their quantitative behav- 
ior must be evaluated on a case-by-case basis. 



12.11 Conclusion 

We have discussed the fabrication and characterization of single-crystal films of 
LiNb0 3 , produced by crystal ion slicing, as well as the realization of the first hy- 
brid-integrated devices based on these films. This has required developing new 
processing tools and methods, and their combination with existing, conventional 
microfabrication techniques, allowing for rapid processing of large (~cm 2 ) mi- 
cron-thick LiNb0 3 films with different crystallographic orientation. The linear and 
nonlinear optical properties of the CIS material, probed using various characteri- 
zation techniques, were found comparable with those measured in bulk crystals. 
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The CIS technique has already shown potential for improving the existing tech- 
nological base for building quality single-crystal thin-film LiNb0 3 devices. Using 
the CIS process, freestanding thin pyroelectric LiNb0 3 plates have been fabricated 
and packaged to operate as radiometric sensors with increased detectivity and re- 
duced sensitivity to ambient fluctuations. For the first time, zero-order quarter- 
and half-wave retarders were realized in LiNb0 3 . Characterized with high conver- 
sion efficiencies, they have been implemented as polarization-mode converters in 
hybrid-integrated planar lightwave devices. Finally, optical circuits prepared using 
conventional fabrication techniques, have been patterned in ion-implanted LiNb0 3 
wafers, and crystal-ion-sliced together with the host films, to produce low-loss 
planar lightwave CIS devices, suitable for further hybrid integration. 
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13 Wafer Bonding of Ferroelectric Materials 
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13.1 Introduction 

In recent years a major effort has been put into achieving integration of functional 
materials into semiconductor technology. Among functional materials ferroelec- 
trics are an important class of materials, exhibiting a large spectrum of properties 
and effects including the piezoelectric effect, pyroelectric effect, electro-optic ef- 
fect, spontaneous polarization, etc. Ferroelectrics are attractive for many applica- 
tions, the most important being ferroelectric non-volatile random access memories 
(FERAMs) and micro-electromechanical mechanical system (MEMS) devices. 
For these specific applications, but also desirable for most other envisaged appli- 
cations of ferroelectric materials, direct integration of ferroelectrics with silicon or 
other semiconductors of technological potential would be highly desirable. Beside 
the memory effect, the photoelectric and pyroelectric effects in ferroelectric- 
semiconductor hetero structures [1,2] could be promising for developing new types 
of integrated detectors. 

Ferroelectric capacitors have already been integrated into silicon integrated cir- 
cuits to produce commercial non-volatile memories [3,4]. The present design of 
FERAM is based on a destructive read-out principle using the “IT- 1C ”, one tran- 
sistor-one capacitor, or the “2T-2C “ , two transistors-two capacitors, pass-gate 
cell architecture [5]. The simplest architecture for the ferroelectric memories re- 
mains, however, the ferroelectric field-effect-transistor (FET), which is, in fact, a 
MOS transistor with a ferroelectric gate [6]. The main problem in ferroelectric 
FET devices is the existence of a very high trap density at the semiconductor- 
ferroelectric interface, which drastically affects the semiconductor surface proper- 
ties and therefore alters the transistor characteristics. The high trap concentration 
is thought to originate mainly from an interaction between silicon and the ferro- 
electric, resulting from the high processing temperatures required in order to ob- 
tain the ferroelectric phase. One solution to overcome this problem is to grow a 
buffer or a barrier layer onto Si prior to the ferroelectric film deposition [7,8]. 
Usually, the buffer layer is Si0 2 , which results in excellent properties of the Si0 2 
/Si interface. The major drawback in using Si0 2 or low dielectric permittivity ma- 
terials as buffer layers is the increase of the operation voltage; Kalkur et al. have 
tried using high-k buffers such as Zr0 2 to improve this aspect [9]. 

The success of integration is basically determined by the quality of the ferro- 
electric film and the process for integrating the ferroelectric oxides into the semi- 
conductor technology. Usually, a ferroelectric film is deposited onto the substrate 
using either a vapor deposition method such as rf- sputtering, MOCVD, PLD, etc. 
or chemical solution deposition (CSD). Irrespective of the deposition method the 
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substrate is heated to a relatively high temperature in order to crystallize the film 
and to get good ferroelectric properties. As is already known, the high tempera- 
tures that are basically required to obtain ferroelectric thin films with very good 
properties have to be avoided as much as possible since would lead to an undesir- 
able interface reaction at the semiconductor- ferroelectric interface and diffusion of 
heavy metals into the silicon. Additionally, the ferroelectrics use volatile, reactive 
elements such as Pb and Bi, which in semiconductor technology remain undesir- 
able elements. This problem, which represents one of the most important techno- 
logical problems which the integration technologies have to deal with, can be 
minimized if the processing temperature is maintained as low as possible. The 
most demanding process is the crystallization or deposition temperature of the 
film, which can reach values as high as 800°C for SrBi 2 Ti 2 0 9 (SBT) or 
Pb(Sco. 5 Tao.5)0 3 . 

For applications in which the ferroelectric layer has to be in direct contact with 
the semiconductor to build a ferroelectric-semiconductor heterostructure this high 
processing temperature is extremely detrimental. The reactions occurring at the in- 
terface usually generate a low-quality interface that brings along with it a number 
of problems including a high interface trap density. For instance, in the case of 
ferroelectric metal-oxide-semiconductor transistors as a unique non-volatile non- 
destructive read-out memory cell, the high interface trap density lowers the reten- 
tion time from a desired value of several years to only a few hours. Therefore, 
finding a method to prepare the film on a handling wafer, to crystallize it in the 
best conditions required by the optimization of the film and then, after obtaining a 
high-quality film, to be able to transfer it onto the device wafer, would be of great 
interest. 

In association with the above particular problem, there are applications involv- 
ing thin oxide films and demanding very high-quality films. In these cases using a 
true single crystalline film would be highly desirable. Nowadays major effort is 
put into achieving epitaxial oxide thin films on different substrates including sin- 
gle crystalline silicon. However, even very good epitaxial ferroelectric films ex- 
hibit internal grain boundaries and high defect densities. It will be either very dif- 
ficult or very expensive to achieve true single crystalline ferroelectric thin films on 
large areas. Therefore, it is useful to develop a simple method able to provide true 
single crystalline films possibly on large substrates. Recently, we showed the pos- 
sibility to obtain single-crystalline oxide, in particular ferroelectric, thin films 
based on hydrogen implantation and direct wafer bonding layer transfer. This pro- 
cess is an alternative to epitaxial growth and allows formation of oxide layers with 
a thickness in the micron range. 

The main part of this review concerns the bonding of ferroelectric thin films to 
silicon and polycrystalline layer transfer via back-etching or peeling; as well as the 
electrical characterization of the obtained heterostructures. Finally, as an impor- 
tant topic in the field of thin film processing the new approach of layer transfer by 
hydrogen implantation and direct wafer bonding is also presented. The lift-off 
process or layer slicing of ferroelectric thick films which is extensively presented 
by Levy et al. in the present book, will not be addressed by this chapter. 
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13.2 Transfer of Polycrystalline Ferroelectric Layers 

The core of the layer transfer process is based on direct bonding, but before and 
after bonding there are several important steps that contribute to a successful layer 
transfer. The main steps of the layer transfer process are: 

1 . ferroelectric thin film deposition onto the handling wafer 

2. film polishing 

3. bonding of the handling wafer to the device (active) wafer 

4. layer transfer and device fabrication 

5. characterization. 



13.2.1 Film Deposition 

The first step of the process is the film deposition, in which the ferroelectric layer 
is deposited onto a handling wafer. The handling wafer plays only a minor role as 
a mechanical support of the ferroelectric film and is finally removed. There are 
many deposition methods, including chemical solution deposition, sputtering, mo- 
lecular beam epitaxy, etc., which produce high-quality ferroelectric thin films. We 
will not put any emphasis on this first step of film deposition, as film deposition 
itself is a problem well treated in the literature. For details concerning film deposi- 
tion the reader is referred to the books and review articles in references [10,1 1]. 

As the handling wafer does not play any role in the final device fabrication, 
since it is removed after bonding, there should be no restrictions imposed on the 
deposition process. The only goal should be to obtain high-quality ferroelectric 
films. Any appropriate deposition method, thermal annealing, substrate buffer lay- 
ers, etc. is allowed to be used in order to obtain the best ferroelectric film. The 
only concern at this deposition stage related to the bonding, besides the electrical 
quality of the ferroelectric layer, should be about the surface quality of the film. 
Macroscopic defects as well as major variations in film thickness are very detri- 
mental to the subsequent processing steps. Bondability conditions such as rough- 
ness less than 5 A, low waviness, and TTV are usually obtained by chemical- 
mechanical polishing (CMP). 



13.2.2 Film Polishing 

In the last decade CMP has become a well-established technology, able to pla- 
narize and polish a large variety of materials [12]. For single crystalline and amor- 
phous materials CMP easily enables us to obtain very high-quality surfaces, while 
for polycrystalline materials the polishing is very difficult mostly, due to different 
grain orientations. It is known that material removal is due to a combination of 
chemical and mechanical effects and depends on many parameters such as the pol- 
ishing pad and slurry type, slurry pH, downward pressure, speed between wafer 
and pad, temperature, etc. [13]. Among all the above parameters crystalline orien- 
tation has also to be included. For many materials the polishing speed is dependent 
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on the crystalline orientation and usually a polycrystalline material will never ac- 
quire the same surface quality as a single crystal. 

The polishing of a thin film is more demanding than the polishing of a bulk wa- 
fer due to the very finite quantity of material which can be removed. Therefore, a 
compromise between polishing speed, initial film morphology, and final surface 
roughness is always required. Deposition, polishing, and achieving a bondable 
surface has been described in detail for bismuth titanate, but it was proved to be 
achievable also for all the usual ferroelectric materials [14]. The CMP process 
used in this work for polishing of ferroelectric films was a standard process in 
which the ferroelectric film is brought into contact with a rotating polishing pad 
together with polishing slurry feeding. Polishing was performed using a Logitech 
PM4 system having a 12-inch diameter polishing foam pad (Chemcloth) and a 3- 
inch wafer carrier. Polishing was achieved by rotating the pad with a speed of 
about 50 rpm and sweeping the wafer carrier between the edge and the middle of 
the pad. The sweeping speed was 15 sweeps/min. The basic polishing slurry was 
prepared by mixing colloidal silica slurry (Logitech, Syton SF1) with water and 
glycerol in a 4:4:1 ratio. 

CMP is known to be a complex chemical-mechanical process in which the re- 
moval of material is a combination of chemical etching and abrasion of the sample 
surface caused by the slurry [14,15]. The most appropriate slurry was found to be 
basic in pH due to the low etching rate, while acid slurries enhance the surface 
roughness of the ferroelectric films, most probably due to etching at the grain 
boundaries. The process should be optimized in terms of slurry pH and concentra- 
tion, and downwards pressure to provide a relatively slow polishing rate, which 
insures a better control of the surface quality, and the lowest surface roughness. 




(a) (b) 



Fig. 13.1. AFM images of a BiT film (a) deposited on silicon and annealed at 550°C, and 
(b) the same film after polishing with a basic slurry (pH=7.5) 



A certain downwards pressure was found to be beneficial for obtaining a good 
surface, mostly due to enhancing the abrasive action of CMP. There is an opti- 
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mum polishing time, after which the roughness increases again. Prolonged polish- 
ing generates a longer etching process, which is detrimental for polycrystalline 
materials. Finally, the polishing parameters for BiT and other ferroelectric films 
are: polishing slurry with pH=7.5, 430g load, 50 rpm pad rotation speed, 15 
sweeps/min wafer sweeping speed and 45 min polishing time. After polishing with 
these parameters, the BiT film surface is flat (see Fig. 13.1) and the bonding con- 
ditions are achieved. 

The main feature of the surface morphology after successful polishing is a sur- 
face which is basically flat, but which has grooves. These grooves could be due to 
a higher polishing rate at the grain boundaries or due to the removal of small 
grains from the surface. The grooves result in a relatively high roughness, but 
from the point of view of bonding the surface is essentially flat after polishing. Af- 
ter achieving a minimum roughness, further polishing does not improve the sur- 
face quality. 

The morphology of the initial surface plays an important role in the polishing 
process and in obtaining a minimum value of the roughness. Small grains gener- 
ally favor the polishing process and obtaining a low roughness, but for certain ma- 
terials, such as SrBi 2 Ta 2 0 9 (SBT), a small grain structure is detrimental for the 
ferroelectric properties. A solution to this problem is a multi-step deposition proc- 
ess in which the deposition of the bulk is made under the imperative of ferroelec- 
tric properties and finally the last film fraction is deposited to achieve the best sur- 
face quality. In this way, high-quality ferroelectric films with roughness values 
after polishing below 1 nm can be obtained. 

One of the most important steps in the polishing process is the final cleaning of 
the film surface. Usually, after the CMP process Syton particles, which are colloi- 
dal clusters of spherical shape having a diameter in the 90-120 nm range, stick to 
the wafer surface. For silicon or silicon-based materials the cleaning is simply per- 
formed using standard cleaning processes: an HF dip or RCA cleaning. In the spe- 
cific case of ferroelectric films the situation is more demanding than in the silicon 
case in two respects. First, due to the spontaneous polarization, the colloidal parti- 
cles tend to stick much more easily and consequently at a higher density to the 
surface and secondly, the cleaning process is more difficult. The cleaning process 
must follow the CMP process without drying the slurry residuals, otherwise any 
cleaning process is ineffective. Diluted HF (1%) (DHF) etches and RCA1 cleaning 
is not effective. For instance, 10 min cleaning DHF produces clean, perfectly free 
of slurry particles, but damaged surfaces with a roughness increased from 1.5 nm 
to 5.6 nm. The only effective cleaning remains a prolonged (more than 1 hour) ul- 
trasonic cleaning in DI water which leaves the surface undamaged and removes 
most of the slurry particles, or a megasonic cleaning process. 



13.2.3 Bonding of the Film with the Device Wafer 

If the film can be polished in such way that its surface roughness is below 1 nm, 
than it can be direct bonded to any standard silicon or oxidized silicon wafers by 
any standard bonding procedure. The bonding is usually spontaneous and with the 
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exception of a few macroscopic defects the whole surface is bonded (see Fig. 
13.2). Depending on the deposition procedure, variation in the film thickness can 
occur at the rim of the wafer. These could be detrimental in the bonding process 
and should be removed by etching or any appropriate method before the polishing 
process. 




Fig. 13.2. (a) Infrared transmission photograph of a 3-inch Bi 4 Ti 3 0 12 /Si wafer bonded to a 
Si wafer (white contrast shows the bonded surface), and (b) scanning acoustic micrograph 
of the area showed as a zoomed-in area. Note the small white areas in the scanning acoustic 
image showing defects at the bonding interface 




Fig. 13.3. Dependence of the interface energy of a bonded PZT film-Si wafer pair on an- 
nealing temperature. The annealing time was 1 2 h 

The interface energy for the wafers bonded at room temperature is about 100 
mJ/m 2 , which is a typical value for room temperature hydrophilic bonding. In or- 
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der to increase the interface bond energy, the wafer pair should be thermally an- 
nealed to as low temperature as possible. The annealing step is very demanding 
for applications like MOS devices. Too high temperature can actually generate a 
defective interface or diffusion of the ions from the film to the silicon, eliminating 
the whole advantage of bonding in comparison to direct deposition. The goal of 
the annealing should not be to acquire the highest interface energy, but to acquire 
a sufficient energy for further processing such as grinding and polishing of the 
handling wafer, enabling the layer transfer to the device wafer. An energy value of 
about 1 J/cm 2 is usually high enough to sustain the grinding process of the han- 
dling wafer. In particular the case of PZT films deposited on platinum, the inter- 
face energy between the silicon and the ferroelectric film acquired at the bonded 
interface after 12 h annealing at about 400°C is even higher than the interface en- 
ergy at the original Pt-PZT interface after crystallization annealing at 650°C (see 
Fig. 13.3). The above feature enables a very simple layer transfer by debonding 
the bonded wafers. By debonding the film peels off from the original substrate (Pt 
layer) and is spontaneously transferred to the device silicon wafer. 



1 3.2.4 Layer T ransfer 

After bonding and thermal annealing the handling wafer has to be removed ac- 
complishing in this way the layer transfer. One way is to mechanically remove the 
handling wafer by grinding, polishing, and finally etching the silicon handling wa- 
fer. The most delicate step in this process is the final etching step, when the ferro- 
electric film is directly exposed to the etching media. This could be detrimental for 
the final device because the ferroelectric film suffers a certain etching process 
which could be harmful for the final device. If the ferroelectric film is directly de- 
posited on silicon, the etching selectivity between the silicon and the ferroelectric 
oxide is the only factor which can control the process. A way to control the un- 
wanted etching of the ferroelectric layer is to insert an etch- stop layer between the 
handling wafer and the ferroelectric layer. This etch stop as a buffer layer between 
the silicon and the ferroelectric layer should be considered before ferroelectric 
film deposition and should meet several requirements such as crystalline structure, 
chemical compatibility, etching rate, etc. and therefore, it is relatively difficult to 
get a proper buffer layer since there are many parameters to be matched. A second 
way to achieve the layer transfer is to control the interface energy in such way that 
its value obtained after bonding is higher than the interface energy between the 
handling wafer and the ferroelectric film. As was showed in the previous section, 
this is fulfilled if the ferroelectric (PZT) film is deposited on Pt. 



13.2.5 Device Fabrication 

The result of the above procedure is a ferroelectric layer transferred onto a device 
wafer, which in the simplest case can be a plain silicon wafer. Further processing 
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can be performed, as the film has been deposited on the device wafer, and depends 
on the particular application envisaged. 

For the simplest case of bonding with a plain silicon wafer, simple metal-oxide- 
semiconductor (MOS) diode structures can easily be prepared. This can help in as- 
sessing the whole transfer process in terms of ferroelectric film properties, its in- 
terface with silicon, and therefore in finding out if the tedious bonding and layer 
transfer has actually lead to any improvement of the MOS characteristics com- 
pared with the classical direct deposition process. The MOS diode can be simply 
prepared by deposition of a top electrode by thermal evaporation or sputtering via 
a shadow mask, and the back electrode on the backside of the silicon wafer should 
ensure a good ohmic contact (a evaporated A1 electrode is a good compromise so- 
lution). Measurements such as capacitance-voltage, current-voltage, and polariza- 
tion-field characteristics together with structural analysis of the interface by TEM 
and HRTEM should give proper information on the quality of the ferroelectric 
layer and its heterostructure with silicon. 



13.3 Ferroelectric MOS Devices by Layer Transfer 

The process described above was applied to transfer polycrystalline ferroelectric 
thin films of lead zirconate titanate (PZT), bismuth titanate (Bi 3 Ti 4 0 12 ), and stron- 
tium bismuth tantalate (SBT) SrBi 2 Ta 2 0 9 . The aim of this process was to establish 
that a low temperature wafer bonding process improves the quality of the ferro- 
electric-silicon interface and is beneficial for MOS devices with ferroelectric layer 
as the gate oxide. The layer transfer was done directly on clean silicon and MOS 
capacitors were fabricated. 

In order to assess if the layer transfer by wafer bonding is beneficial for ferro- 
electric MOS devices, both structural and electrical characterizations were exten- 
sively performed on two type of samples: first, on the bonded samples and, sec- 
ond, on samples obtained by direct deposition of the same layer directly on silicon 
so-called “reacted” samples. The reacted samples were obtained by different 
methods in such a way that the best metal-ferroelectric-silicon (MFS) devices 
with good ferroelectric-silicon interfaces were achieved. 



13-3.1 Structural Investigations 

Structural investigations were mainly performed by cross-section high-resolution 
transmission electron microscopy (HRTEM). From both bonded and reacted wa- 
fers TEM specimens were prepared by wire sawing, polishing, and ion milling. 
The bonding interface is in general very flat and uniform, as shown in Fig. 13.4, 
but it is important to compare it with the same interface obtained by direct deposi- 
tion. 

The TEM analysis of both interfaces revealed a significant improvment of the 
interface quality for all bonded materials. For comparison Fig. 13.5 shows the re- 
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acted and ferroelectric-silicon bonded interface for one of the most important 
ferroelectric materials SBT and Fig. 13.6 shows the PZT-Si bonded interface. 




Fig. 13.4. Cross-section (XTEM) micrograph of a SBT/Si bonded interface after a 24 h 
annealing at 500°C [16] 




(a) (b) 



Fig. 13.5. HRTEM images of (a) reacted and (b) bonded SBT-Silicon interfaces 

It can be seen that, after bonding the interface between the native silicon oxide 
and silicon remains clean and undamaged, the native silicon oxide acting like a 
buffer layer and preventing any damage at the silicon level. The interface between 
the native silicon dioxide and the ferroelectric layer is also smooth, but shows two 
interesting particularities. In both the SBT and PZT cases a darker contrast can be 
seen at this interface. This originates from lead and bismuth oxide diffusion from 
the SBT and PZT layers toward the interfaces and accumulation at the SBT-Si0 2 
and PZT-Si0 2 interface, respectively. 
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Fig. 13.6. HRTEM images of the bonded PZT-Silicon interface 

Due to thermal annealing of the as-bonded wafers to replace the Van der Waals 
bonding and increase the interface energy, reactions occurs at this interface. This 
is nicely shown by the wavy dark contrast seen in the TEM images at the Si02- 
ferroelectric interface. If the native silicon would not be present at the interface 
acting as a buffer layer, the reaction would happen between the ferroelectric mate- 
rial and silicon and this certainly would damage the electrical properties of the 
silicon. Actually this is what is seen in the TEM analysis of the reacted interfaces. 
In the case of SBT deposited by pulsed laser deposition (PLD) on silicon the inter- 
face becomes very rough, suggesting a reaction process between SBT and silicon 
and surface reconstruction. For PZT the reaction is even more severe leading to an 
amorphous lead-silicon oxide layer between the silicon and the ferroelectric layer. 

While the micro structure of the bonded interface looks almost perfect, at a 
more macroscopic level the quality of the interface region is as perfect at is sug- 
gested by the HRTEM images. After polishing the surface is essentially flat, with 
holes generated by the fact that the layer is polycrystalline and different grains 
have different polishing rates. After bonding, these holes in the surface generate 
defects at the bonding interface, as can be seen in Fig. 13.7. 

These defects are filled with an oxide which is clearly different than the native 
oxide. The new oxide can be either an artifact coming from the TEM specimen 
preparation, respectively redeposition of amorphous material during the ion mill- 
ing, or it can be a true oxide formed at the bonded interface during the thermal an- 
nealing. These defects do not affect the bonding process, but can drastically influ- 
ence the electrical properties of MOS devices, mostly when the size of the device 
approaches the size of the gaps. 



Wafer Bonding of Ferroelectric Materials 



461 



1*IS4:i3 




SBT 








Si 


40 nm 



Fig. 13.7. Cross-sectional TEM of SBT-Si bonded interface showing an interface defect 
generated by a groove in the ferroelectric layer. Note that the obtained gap is filled with a 
different oxide than the native silicon oxide 



13,3.2 Electrical Properties of MFS 

The main problem in MOS devices with ferroelectric gate for information storage 
is the low retention time. 1 Most of the ferroelectric-semiconductor heterostruc- 
tures show good ferroelectric properties of the gate oxide and good electrical prop- 
erties, but the retention time is poor. The source of the low retention time was sup- 
posed to be the quality of the ferroelectric-silicon interface. The present work has 
demonstrated the direct relation between the structural and electrical quality, 
including interface trap density, on the one hand and the retention time on the 
other hand. 

In order to assess the quality of metal-ferroelectric-silicon (MFS) devices and 
to establish whether the whole laborious process of layer transfer is beneficial for 
MFS devices, electrical measurements were performed on MFS capacitors made 
from both transferred and directly deposited ferroelectric thin films. Standard 
semiconductor measurements such as capacitance-voltage (CV) and current- 
voltage (IV) characteristics along with ferroelectric measurements, i.e. ferroelec- 
tric hysteresis (polarization vs. applied field) were performed on all fabricated het- 
erostructures. The interface trap density was also measured using a more complex 
approach known as the conductance method [17,18]. 



1 The information is stored in a MFS transistor by switching the polarization of the ferro- 
electric gate in a certain direction and it is non-destmctively read by testing the channel 
state. The semiconductor should be in one of two binary states, either in accumulation or in 
inversion. In a real case, after writing one of the two states, the semiconductor goes sponta- 
neously from any state towards the state in between which is the most stable one. The states 
cannot be discriminated anymore and the information is lost. The time between writing 
(switching of the polarization) and losing the information is defined as the retention time. 
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Fig. 13.8. CV characteristics of Au-SBT-Si capacitors fabricated by three different meth- 
ods: MOD, PLD and layer transfer [19] 

The first important information on MFS structures is first obtained by the CV 
measurements. It can be easily established whether the ferroelectric layer is indeed 
ferroelectric or not. The hysteresis shown by the CV curve is due to the ferroelec- 
tric switching only if it for clockwise p-type semiconductors and counterclockwise 
for n-type semiconductors. The other direction of the hysteresis is associated with 
the charge injection from the gate into the oxide layer. The second important in- 
formation is the so called memory window, which is the difference in the flat-band 
voltage for the two polarization directions. In other words, it is the width of the 
hysteresis of the CV curve measured at the flat-band voltage. The memory win- 
dow is apparently a measure of the gate voltage need to switch the MFS device 
from one state to the other and it is connected mostly with the coercive field of the 
ferroelectric film and less with the value of the polarization. The third important 
information is the capacitance in the accumulation condition where the silicon at 
the interface with the oxide has a very high carrier density and acts almost like a 
metal. Thus the capacitance in accumulation is given only by the oxide, and the 
equivalent permittivity of the gate oxide can easily be calculated. 

In all cases the bonded structures show a higher accumulation capacitance than 
the directly deposited (reacted) structures. The equivalent oxide permittivity calcu- 
lated for the SBT-Si system shown in Fig. 13.8 is 22.3 for the MOD, 32.3 for the 
PLD and 88 for the bonded structure, compared with the SBT ceramic bulk value 
of 180. The equivalent thickness of the parasitic dielectric layer formed between 
SBT and Si (calculated considering a simple series capacitance model with a 370 
nm thick SBT layer with e SBT = 180 and e S i 02 = 3.9) is 74 nm and 32 nm for the di- 
rectly deposited structure by MOD and PLD, respectively, and 8.8 nm for the 
bonded structure. The measured thickness of the native Si0 2 layer is about 6 nm. 
The difference can be related to a lower permittivity of SBT thin films compared 
with that of the bulk. In that case the actual SBT permittivity is about 135, which 
is in a good agreement with that of the bulk value. This is a direct indication that 
during the deposition by almost any method a low permittivity layer is formed be- 
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tween the silicon and the ferroelectric layer. By bonding, this parasitic layer is not 
formed anymore and it is reduced only to the native oxide layer, which actually 
can grow slightly after the bonding annealing. 

Ffaving the layer deposited on the handling wafer, which is a Pt-coated wafer, 
make it possible to measure the ferroelectric properties using a nondestructive 
contact electrode (mercury probe) before and after bonding. We could evaluate in 
this way whether the bonding was detrimental or not for the ferroelectric proper- 
ties. Figure 13.9 shows the hysteresis loop of a Au/SBT/Si bonded structure ac- 
quired under intense illumination together with the original hysteresis loop ob- 
tained on the same SBT film on Pt before the bonding process. The remanent 
polarization is almost the same in both cases, but the coercive voltage is about ten 
times higher. This increase is due to the nonlinear dependence of the field in the 
ferroelectric film on the total applied voltage and not to an increase in the coercive 
field caused by the bonding process. It can easily be explained if one considers an 
appropriate model for MFS structures [20]. 




Fig. 13.9. P-E characteristics of a Au/SBT/Si bonded structure and a Hg/SBT/Pt capacitor 
under intense illumination [19] 

The electric field in the ferroelectric is given only by the amount of potential 
drop across the film itself and not simply by the value of the gate voltage divided 
by the film thickness. In the simple case V gb is distributed between ferroelectric 
layer and the semiconductor. Between accumulation and inversion, where actually 
the hysteresis is, an important part of v gb drops on the semiconductor [21]. 
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Fig. 13.10. Calculated electric field in the ferroelectric layer versus V gb calculated for dif- 
ferent polarizations [22] 

The dependence of the field E f in the ferroelectric layer on the gate-to-bulk 
voltage V gb can be calculated considering different films with different ferroelec- 
tric properties. The results of such modeling for two ferroelectric films with dif- 
ferent polarization are presented in Fig. 13.10. It can be seen that the polarization 
induces a nonlinearity of ^versus v gb , the linear part being shifted towards higher 
V gb values. In other words, the field in the ferroelectric layer of an MFS structure 
is dependent on the polarization. This is actually the main reason why the coercive 
voltage of the metal-ferroelectric-semiconductor he ter o structure (SBT/Si) is 
much higher than the coercive field of metal-ferroelectric-metal (SBT/Pt) capaci- 
tors. 

In order to prove that the bonding process improves the electric quality of the 
ferroelectric-silicon interface, the trap state density was measured for MFS struc- 
tures with bonded as well as with reacted interfaces using the conductance 
method. It is difficult to relate the high-density defects (~ 1 0 13 — 1 0 15 cm -2 ) which in 
principle can be observed by using surface-analysis techniques or HRTEM, to the 
lower density defects, such as trapping states (~ 10 10 cm” 2 ), that dominate the elec- 
trical properties. For this reason the trapping state density was measured for all the 
MFS structures. The dependence of the trap densities on the difference between 
the applied voltage, V bias , and the flat-band voltage, V FB , is given in Fig. 13.11 for 
the reacted interfaces and in Fig. 13.12 for the bonded interfaces. It can readily be 
seen that the trap density is higher for all the reacted interfaces than for any 
bonded interface. Reacted BiT and SBT interfaces have almost the same D it distri- 
bution with about 2.5><10 12 cm^eV” 1 at the mid-gap while for the PZT reacted in- 
terfaces D it is about 1.3 xlO 13 cm^eV” 1 . The higher trap density for the PZT/Si in- 
terface compared to the SBT/Si and BiT/Si interfaces can be related to the higher 
reactivity of Pb-based ferroelectrics (especially due to the PbO) compared with 
Bi-based ferroelectrics. As was shown by TEM analysis of a PZT layer annealed 
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by RTA at 700°C for 60 s, PbO diffuses into Si and reacts to form a glassy PbSiO x 
interface layer about 100 nm in thickness [23] This reaction leads to considerable 
damage of both PZT and Si which can explain such a high trap density. 




Fig. 13.11. Interface trap density distribution of reacted ferroelectric-Si 
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Fig. 13.12. Interface trap density distribution of bonded ferroelectric-Si 

Bonding interfaces, no matter which ferroelectric film is employed in the het- 
erostructure fabrication, show almost the same trap density distribution with a 
midgap value of about 4xlO n cm" 2 eV _1 . Although much lower that for the reacted 
interfaces, this value is, nevertheless, about ten times higher than that of state-of- 
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the-art gate oxides [24]. The relatively high trap density may be caused by the 
well-known low quality of the native Si0 2 /Si interface and can probably be im- 
proved by applying a standard cleaning-oxidizing process before bonding. 



13.4 Single-Crystalline Ferroelectric Thin Film 

As already mentioned, a simple method able to fabricate true single-crystalline 
films on large substrates of three inch diameter or larger would be highly desirable 
mostly for applications that require high-quality materials such as electro-optical 
applications or bulk acoustic wave resonators. Based on a similar technique intro- 
duced by Bruel [25] to transfer single-crystalline silicon layers and to produce sili- 
con-on-isolator (SOI) wafers, we have proposed a layer transfer process using 
layer splitting by hydrogen implantation and direct wafer bonding. The hydrogen 
implantation and layer transfer of oxides (HILTO) process, illustrated in Fig. 
13.13, has four major steps: (1) hydrogen implantation of the oxide wafer, (2) di- 
rect wafer bonding of the oxide wafer to a host wafer, (3) splitting of the oxide 
wafer mostly by an annealing at moderate temperature, and (4) final polishing of 
the split layer to improve the surface morphology. The method is simple and, in 
principle, it can produce high-quality thin layers, but as it was previously shown, 
there are two major limitations or difficulties. The first is related to the materials 
involved in the transfer process, respectively the thermal mismatch between the 
oxide to be transferred and the substrate. 




Fig. 13.13. Oxide layer transfer process using layer splitting by hydrogen implantation and 
direct wafer bonding 

For instance, if a perovskite oxide such as SrTi0 3 that could have a thermal ex- 
pansion coefficient (TCE) as large as 10xl0- 6 K" 1 needs to be transferred to a sili- 
con substrate, the thermal mismatch to room temperature can be as high as a factor 
of three. This will set severe boundary conditions for both the bonding and the 
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spitting processes. The second limitation is related to the hydrogen implantation. 
In order to achieve splitting after post implantation annealing, the wafer tempera- 
ture during implantation must fall within a window that is specific to each material 
[26]. For perovskite oxides the temperature window is relatively narrow making 
the layer transfer a fairly difficult process. 

The first problem can be solved in particular cases, depending on the specific 
application. Using intermediate layers with a TCE value between that of the sub- 
strate and that of the bonded wafer it is possible to bond materials with relatively 
high thermal mismatch such as GaAs and silicon [27]. The same approach as well 
as metallic bonding (in most cases ferroelectric thin films need bottom electrodes 
anyway) or eutectic bonding, can be used for ferroelectric layer transfer. 

The second problem is connected to the mechanism of the interaction between 
the implanted species and the host material. It is more severe than the first prob- 
lem. For specific materials, the temperature window in which an implantation 
might be successfully performed can be so narrow or even not exist that layer 
transfer cannot be accomplished. It should be mentioned that unlike in simple 
semiconductors hydrogen interacts in a more complex way at the implantation 
stage. Therefore, in the oxide case the initial work done until now has concen- 
trated more on the interaction mechanism the between implanted species and the 
host materials and finding the optimum implantation parameters. 

Initial work done at Duke University has been established a first set of implan- 
tation parameters for LaA10 3 (LAO) and sapphire [28]. Recently two papers by 
Radu et al. [29] and Ruglovsky et al. [30] have simultaneously reported the layer 
transfer of SrTi0 3 (ST0), LiNb0 3 (LNO), LAO and transparent polycrystalline 
PLZT ceramic, and LiNb0 3 BaTi0 3 (BTO), respectively. Besides the layer trans- 
fer itself, the optimum implantation parameters for the H + and/or He + implantation 
of different perovskite single crystals and blistering kinetics have been reported. 
Table 13.1 shows the optimum implantation conditions for several perovskite-type 
oxides. 

Table 13.1. Optimum implantation parameters for achieving blistering/splitting after a 
post-implantation annealing of single-crystalline STO, LNO, LAO and polycrystalline 
PLZT (from [29]) 



Material 


Dose (cm ) 


Energy 

(keV) 


Temperature 

(°C) 


STO 


5.0 x 10 16 H 2 + 


130-160 


RT 


STO 


5.0 x I0 15 He* 


105 


RT 




2.0-5.0X 10 16 H 2 + 


160 




LNO 


5,0 x I0 16 He* 


105 


RT 


LAO 


5.0 x 10 16 H 2 + 


130 


200-300 


PLZT 


5.0 x 10 16 He + 


105 


200 



Hydrogen (H 2 + ) and/or helium (He + ) implantation was performed in a standard 
implanter at different temperatures ranging, from room temperature (RT) up to 
300°C. The co-implantation was a two-step He + H implantation, first with a low 
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He dose (5.0 x 10 15 cm' 2 ) at 105 keV followed by a range matched H 2 + (2.0- 
5.0xl0 16 cm' 2 ) implantation. 



Temperature (°C) 

700 600 500 400 300 200 




Fig. 13.14. Activation energies of blistering/exfoliation of (a) H 2 + -implanted LAO 
(5.0xl0 16 cm' 2 , 130 keV) at 200°C,(b) H 2 + -implanted STO (5.0 x 10 16 cm' 2 , 130 keV) at 
RT, (c) He + H co-implanted STO (He + : 5.0 x 10 15 cm' 2 , 105 keV; H 2 + : 5.0 x 10 16 cm' 2 , 130 
keV) at RT and (d) He + -implanted PLZT (5.0 x 10 16 cm' 2 , 105 keV) at 200°C 

Generally, blistering of perovskite oxides occurs at a relatively low tempera- 
ture, between 250°C and 400°C. The activation energy (E a ) of blistering was esti- 
mated from the Arrhenius relationship: \/t b ~ exp (-EJkT), where t b is the blistering 
time, which is the time of the onset of blistering, k is the Boltzmann constant and 
T the absolute temperature. Figure 13.14 shows the activation energy of blister- 
ing/exfoliation for the oxides listed in Table 13.1. 

It was observed that for some oxides certain implantation conditions lead to 
large area exfoliation instead of blistering after annealing of as-implanted samples. 
This was the case for H-implanted STO, and He-implanted LNO as well as for 
He+H co-implanted STO, while after annealing of H-implanted LAO and He- 
implanted PLZT broken blisters were observed [29]. Large area exfoliation is di- 
rectly related to a small size and/or a narrow distribution of the platelets and their 
evolution with annealing. XTEM (Fig. 13.15) investigations show that a high den- 
sity of H-platelets of about 10 nm lateral size are formed during H-implantation 
into STO. Additionally, H-platelets in the as-implanted LAO have larger lateral 
sizes and are distributed over the whole damaged region, as shown in Fig. 13.15b. 

Using different bonding procedures via various intermediate layers such as 
spin-on glass (SOG), Au, etc. single-crystalline layer have been transferred onto 
different substrates. Successful layer transfer of single-crystalline STO has been 
achieved by annealing of the bonded pairs at temperatures lower than 300°C. The 
thermal mismatch and the low-quality bonding yield shattered layer with single- 
crystal film pieces of several hundred microns across. Micro-Raman investigations 
on implanted BTO revealed that defects created during the implantation can be re- 
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covered by a post-annealing process without any deviation in stoichiometry. [30]. 
Recovery is important since structural defects such as oxygen vacancies and asso- 
ciated electrical defects in ferroelectrics are known to degrade the ferroelectric 
properties drastically. 





b) 



Fig. 13.15. Cross section TEM images showing H-platelets in as-implanted STO implanted 
at RT with 5.0 x 10 16 H 2 + /cm 2 at an energy of 130 keV (a) and LAO implanted at 300°C 
with 5.0 x 10 16 H 2 + /cm 2 at an energy of 130 keV (b) 




(a) (b) 

Fig. 13.16. (a) plan-view and (b) cross-section SEM images of a STO transferred layer 



In summary we can say that this is just the beginning of an important effort 
which will lead, as in the case of semiconductors, to a method that will allow the 
fabrication of single crystal ferroelectric thin films on appropriately selected sub- 
strates. 



13.5 Conclusions 

We have shown that wafer bonding and layer transfer has been successfully ap- 
plied to fabricate MOS devices with significantly improved characteristics com- 
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pared to the case of directly deposited films. This is mostly due to a lower process- 
ing temperature during bonding than during direct deposition. This allows the 
formation of better ferroelectric-silicon interfaces and consequently better electri- 
cal properties. Despite this partial success the retention time (which is the main 
failure mechanism of a ferroelectric field effect transistor) is still too low for prac- 
tical applications. 

Direct wafer bonding of ferroelectrics onto Si may have an even greater advan- 
tage for pyroelectric detectors than for ferroelectric FETs. For example, lead scan- 
dium tantalate (PST) has a pyroelectric figure of merit five times greater that of 
PZT [31]. But PST is processed [32] at ca. 900°C, versus 450°C for PZT. Hence 
only hybrid pyroelectric devices have been fabricated from PST, compared with 
fully integrated PZT cantilevered detectors [33]. Wafer bonding of PST could re- 
sult in fully integrated pyroelectric detectors five times better than any in present 
commercial production. 

We have also shown that significant steps have been taken towards successful 
transfer of large-area single-crystal ferroelectric layers. Such a transfer would al- 
low fabrication of ferroelectric single-crystal films as large as the existing donor 
single crystals, which in special cases such as LiNb0 3 can be as large as 100 mm 
in diameter. This fabrication method along with the epitaxial lift-off method de- 
scribed by Levy in this book offers the possibility of obtaining a large variety of 
single crystal films with thicknesses ranging from a few hundred nanometers to a 
few tens of microns. Transfer of single-crystalline layers has a huge potential in 
developing and integrating new devices based on ferroelectrics, piezoelectric and 
electro-optic single-crystal films such as integrated surface and bulk acoustic wave 
filters, low-voltage electro-optic switches, active cantilevers and other MEMS de- 
vices. 
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14 Debonding of Wafer-Bonded Interfaces 
for Handling and Transfer Applications 



J. Bagdahn and M. Petzold 



14.1 Introduction 

The debonding of joined wafers in combination with wafer bonding techniques, 
sometimes called reversible wafer bonding, has different promising applications 
for the fabrication of microelectronic devices based on thin, flexible and brittle 
wafers, for optoelectronic devices like LEDs, solid state lasers or solar cells, as 
well as for MEMS (Microelectromechanical Systems). This chapter will be fo- 
cused on debonding techniques of directly bonded wafers. However, attention will 
also be given briefly to wax and adhesive bonding/debonding technologies that are 
of interest for the temporary mechanical stiffening of wafers. 

Debonding can be used, in general, for four different applications: 

- mechanical stiffening of brittle thin wafers by a “thick” handling wafer in or- 
der to avoid bending and fracture during fabrication, 

- cleaving of wafers that are not well bonded and rebonding after a new cleaning 
process in order to increase the fabrication yield of wafer bonding, 

- temporary protection of semiconductor surfaces from contamination during 
transportation and storage, 

- transfer of an expensive semiconductor material to a low cost substrate. 

The demand for the temporary mechanical stiffening of semiconductor materials is 
currently increasing due to certain fabrication requirements. The driving factor is 
the reduction of the device thickness in order to reduce packaging costs, to fabri- 
cate flexible semiconductor chips or to use the better thermal and optical proper- 
ties of thin dies. 

The required reduced thickness of the final chips leads to fabrication problems 
concerning the front-end wafer processes, since a certain amount of wafer stiffness 
is required to avoid wafer bowing, causing lithographic offset problems and wafer 
fracture during fabrication. Therefore, thin wafers for flexible applications are fab- 
ricated from processed “thick” semiconductor wafers by back-thinning (grinding 
or etching) at the end of the fabrication process. However, this can lead to a sig- 
nificant strength reduction due to the introduction of flaws. This is a critical issue, 
in particular for materials for optoelectronic applications, like GaAs or InP, which 
have a lower resistance against crack propagation than single-crystalline silicon. 
Consequently, these materials tend to break easily, which makes the handling dif- 
ficult. In addition, a mechanical back-thinning process generates residual stresses 
on the surface of the back-thinned surface, which can warp the wafer. Further- 
more, expensive semiconductor material is wasted during back-thinning. The re- 
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quired waste disposal of the back-thinned material can lead to an additional cost 
factor during the fabrication. 

A way to overcome these drawbacks is to attach a thin wafer (process wafer) 
temporarily to a supporting substrate (handling or carrier wafer) by a wafer bond- 
ing step and to remove the carrier wafer at the end of the front-end process. A 
schematic sketch of the process flow is shown in Fig. 14.1. 





Fig. 14.1. Schematic sketch of wafer bonding and debonding for mechanical stiffening: (a) 
alignment of the carrier and the process wafer, (b) wafer bonding, (c) fabrication of elec- 
tronical and mechanical structures on the surface of the process wafer, (d) separation of the 
process wafer from the handling wafer 

A further advantage of this handling approach is that the process carrier wafer 
can have a different size compared to the process wafer. If the size of the carrier is 
compatible to an available fabrication equipment, e.g. a standard silicon wafer fab- 
rication equipment, it can be used to handle a non-standard or out-of-date wafer 
size, which is often predominant in MEMS or non-silicon semiconductor tech- 
nologies. For instance, compound semiconductors (e.g. GaAs wafers or InP wa- 
fers) are only available in small diameters, e.g. 100 mm or 150 mm diameter, 
while available process equipment for silicon mainly handles larger wafer diame- 
ters. 

In principle, thin brittle semiconductor wafers can be bonded to stiff carrier wa- 
fers using intermediate wax or adhesive layers. The wax or adhesive layers can be 
coated on the wafer surface by spin coating or by lamination with pre- 
manufactured thin films. Bonding requires the lamination of the wafer and the ap- 
plication of a contact force during bonding at room temperature. The bonded wa- 
fer stacks are released if they are exposed to an elevated temperature. During the 
heating the intermediate layer is fluidized or vaporized. The release temperature 
depends on the used material and is normally below 200°C. As a consequence, 
processing steps such as high-temperature diffusion, deposition and oxidization 
requiring process temperatures above the release temperature cannot be applied 
for these samples, which significantly limits the applications of this approach. 

Using direct wafer bonding to join together the process and carrier wafers 
would allow one to increase the process temperature. However, the crucial step is 
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often the debonding step of the wafers without breaking or damaging the process 
wafer. Different possible debonding technologies will be discussed and compared 
later on in this chapter. 

The debonding of poorly-bonded wafer pairs is of particular interest in terms of 
yield increase during the fabrication of wafer-bonded devices. If a poor bonding 
quality is observed by checking the bonded interface after room temperature bond- 
ing, e.g. by using infrared transmission or acoustic microscopy, it is not meaning- 
ful to use the wafer pair for further process steps. However, due to the increase in 
wafer size and consequently wafer cost, the waste of two wafers might be a sig- 
nificant cost factor in production. Therefore, a technology enabling the debonding, 
the subsequent cleaning and rebonding of the both wafers is of practical interest. A 
typical process flow of such an approach is shown in Fig. 14.2. 

A special requirement for this application is to avoid any mechanical damage 
and contamination of the wafer surfaces during cleavage, which might influence 
the later rebonding step. Therefore, special debonding methods were developed, 
which allow the separation of the wafer pair without damaging and contaminating 
the surfaces. 




Fig. 14.2. Process flow of debonding of poorly bonded wafers 

The principal idea of using direct wafer bonding for the protection of wafer sur- 
faces against contaminations is to bond two wafers directly after wafer fabrication, 
to ship them to the microelectronic manufacturer in bonded conditions and debond 
them directly before processing under clean-room conditions. Thus, contamination 
at the surface which might occur due to storage in plastic containers or during 
transport will be avoided. 

As in the debonding of poorly-bonded wafers, it is again important to avoid any 
surface damage during the debonding process. Therefore, debonding technologies 
that were developed for the debonding of poorly bonded wafers can be used for 
this approach, too. 

The debonding of wafer-bonded interfaces is also of interest for the transfer of 
a thin wafer to another wafer. In this case two wafers are bonded, e.g. a carrier wa- 
fer with a process wafer (Fig. 14.3a). The process side of this wafer pair is joined 
with another substrate wafer, by wafer bonding, soldering or other applicable join- 
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ing technologies (Fig. 14.3b). Afterwards the carrier wafer is separated from the 
process wafer, which is transferred to another substrate (Fig. 14.3c). The advan- 
tage of this approach compared to normal back-thinning by grinding or etching is 
that the carrier wafer is not destroyed and can be used again. The process flow is 
shown in Fig. 14.3. 



■ 
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Fig. 14.3. Process flow for transferring a wafer to another wafer by debonding of a wafer- 
bonded interface 



14.2 Debonding Methods 



14.2.1 Mechanical Debonding 



Debonding of Low-Strength Bonds 



Different approaches can be found in the literature, discussing the splitting of a 
wafer-bonded interface by applying an external mechanical force. Based on the 
reversibility of formed chemical bonds in a directly wafer-bonded interface after 
room-temperature bonding [1] it was originally shown by Lehmann et al. [2] that 
the insertion of a wedge at the rim of the bonded wafers can be applied to cleave 
the bonded interface after room temperature bonding. This idea is similar to the 
well-known crack propagation test (blade or Maszara test [3]) that is used to 
measure the interfacial fracture surface energy, ]f, of bonded wafer pairs. Based on 
principal beam bending theory [4] for a sample with a rectangular cross-section 
and wafers with the same thickness, t w , the relationship between the induced crack 
length a and y f is given by: 




3 Etjy 2 
32y f 



(14.1) 



Here, E is Young’s Modulus andy is the thickness of the blade. It should be noted 
that (14.1) holds only for the cleaving of beam like samples with a constant cross- 
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section (constant moment of inertia). In comparison, the crack length is shorter in 
a cleaved wafer pair than the crack length in a cleaved beam-like sample, since the 
cross-section increases with growing crack length [5]. Therefore, the application 
of (14.1) to circularly shaped wafers is not correct. However, (14.1) is a good first- 
order estimation of the expected crack length. 

In order to split wafers bonded at room temperature, Tong et al. [1] used three 
blades with wedge thicknesses smaller than 1 mm, which were inserted into the 
bonded joint at the edge of the wafer pair. They showed that the entire bond can 
be separated if the bond strength is low [6]. In addition, it was found by Tong et 
al. [1] that the control of the ambient conditions can be advantageously used for 
the cleaving process. It was shown that the length of cracks formed in samples 
bonded at room temperature or slightly annealed samples (T<110°C) was in- 
creased by about 20% if the cleaving was performed in water instead under ambi- 
ent air conditions. Furthermore, it was found that larger cracks were formed if the 
temperature was increased. 

One critical issue of the debonding using wedges is the generation of surface 
defects onto the surface of the cleaved wafers due to scratching. This is an impor- 
tant factor, especially for applications of debonding technologies for surface pro- 
tection and debonding of poorly bonded wafers. Consequently, technologies that 
address the reduction of the mechanical damage of the wafer surfaces during me- 
chanical cleaving were developed, e.g. by Shinichi [7], Fujimoto et al. [8], Laporte 
[9], Gutjahr et al. [10], Alexe and Gosele [11], Cha and Lee [12] and Cha et al. 
[13]. In these approaches the surface damage problem is solved by utilizing ap- 
propriate loading devices, using specially shaped wedges, or by providing the re- 
quired cleaving force without mechanical contact, e.g. either by applying a high- 
pressure gas or liquid jet at the wafer edge or by vaporization of a water drop en- 
closed in the bonded interface. 

Shinichi developed a cleaving device with two half-circular cleaving wedges to 
initiate cracks along the entire circumference (Fig. 14.4). The maximum insertion 
of the wedges is limited by the geometric layout of the wedges. Therefore, only 
the rim of the wafers is in mechanical contact with the splitting blade. In an ap- 
proach also presented by Fujimoto specially formed wedges are used to avoid me- 
chanical damages at the debonded wafer surface and to control the maximum in- 
sertion into the bonded interface [8]. 

Laporte developed a debonding technology with a multiple set of flexible 
wedges or pins that cleave the interface and support the delaminated parts of the 
wafer (Fig. 14.5) [9]. 
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fixed blade movable blade 




Fig. 14.4. Device for separation of bonded wafers [7] 




Fig. 14.5. Device for separation of bonded wafers [9] 

Alexe and Gosele have developed a cleaving approach using a gas-jet stream 
that is directed onto the edge of the bonded interface (Fig. 14.6). The bonded wa- 
fer pair is mounted in a two-sided chuck, where each chuck applies a weak pulling 
force. The applied pressure at the rim of the wafers leads to a rapid separation. 
With a fracture surface energy of )f=0.1 J/m 2 the authors calculated a required 
cleaving pressure of 1 00 bar to propagate the crack at the rim of the wafer with a 
starting length of 0.4 mm. 

Another cleaving method was presented by Cha et al. They used a combination 
of cracking by wedge loading and subsequent propagation of the crack due to an 
applied pressure. Figure 14.7 shows the three significant steps of the cleaving ap- 
proach. A teflon blade is inserted to generate a pre-crack, which does not debond 
the entire wafer. Afterwards the injection of a deionized water jet is used to apply 
a pressure on the cleaved surfaces in order to separate the entire wafer pair. The 
split wafers were cleaned again and successfully rebonded [13]. 
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Fig. 14.6. Device for the separation of bonded wafers (after Alexe and Gosele [10]) 




Fig. 14.7. Debonding device for SOI- wafer fabrication [13] 

In an approach presented by Gutjahr et al. a water droplet was placed at the 
center of one of the wafers to be bonded which was subsequently encapsulated by 
direct wafer bonding. If the bonded wafer pair was exposed to a temperature 
above 100°C, the water vaporized and the generated pressure separated the bonded 
wafers (Fig. 14.8). 

It was shown that the required heating can be achieved in a furnace, using an 
infrared light source, or by using microwave radiation. All three approaches al- 
lowed the separation of the bonded wafer pairs. However, contamination, proba- 
bly caused by the disposal systems, remained on the separated wafer surfaces. One 
other interesting observation was made by Gutjahr et al. [11]. They found that the 
debonded area in the neighborhood of the encapsulated droplet grows even at 
room temperature and separated the wafer in some cases after long-term storage 
(Fig. 14.9). 
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Fig. 14.8. Infrared transmission images of bonded wafers with an enclosed water droplet 
before annealing (left image) and after annealing at 170°C for 2 h (right image) [11] 




Fig. 14.9. Droplet size (debonded area) as a function of time for wafer pairs at room tem- 
perature [11] 

However, it should be kept in mind that all the methods quoted above require a 
low strength bond interface, which is typical for room temperature bonding with- 
out or with only a weak annealing. It was found by Alexe and Gosele [10] that 
cracks tended to kink into the silicon wafers during cleaving if the interfacial bond 
energy exceeded 0.75 J/m 2 . This corresponds normally to an annealing tempera- 
ture of about 200°C. 



14.2.2 Debonding of High-Strength Bonds 



Background Information 

As mentioned above, the general drawback of the mechanical debonding tech- 
nologies is the limitation to applicable process temperatures below 200°C. How- 
ever, a debonding of high strength interfaces formed after high-temperature steps 
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is frequently of practical interest for the fabrication of microelectronical and mi- 
cromechanical devices. High-temperature steps, for example, occur during typical 
technological processes, such as thermal oxidation, diffusion or film deposition. 

On the other hand, the above-mentioned methods for splitting a wafer-bonded 
interface can only be applied for wafer pairs with low bond-interface strength. 
Under these conditions only moderate forces are required to generate cracks. The 
cracks, once initiated, can propagate across the complete wafer interface, resulting 
in spontaneous wafer splitting even if the load is only applied at the wafer edge. 

The problems in applying the approaches discussed in Sect. 14.1 to high bond 
strength interfaces must be attributed to two reasons. If the interfacial energy of 
the bonded interface is increased the length of the initiating cracks will be mark- 
edly reduced (see (14.1)). Therefore, the cracks originating from the wafer edges 
cannot join each other, preventing the spontaneous complete separation of the 
joint. The more severe problem, however, is the tendency of the cracks to kink out 
into the wafer instead of propagating along the bond interface. As a consequence, 
both the crack initiation and propagation in high-stress wafer-bonded interfaces 
are very difficult to control. The development of debonding approaches is there- 
fore mainly related to solving the crack-kinking problem. 

The kinking of cracks from an interface into the bulk material has been exten- 
sively investigated, e.g. see Azhdari and Nemat-Nasser [14]. The kinking is af- 
fected both by the ratio between the shear and tensile stresses at the crack tip, see 
Lawn [15], and the stress oriented parallel to the crack faces (T-stress) (see Cotte- 
rell and Rice [16] and Gao and Chiu [17]). Both factors depend on the external 
loading conditions and on the thickness ratio of the bonded wafers. In particular, 
the insertion of a wedge at the edge of a bonded wafer pair with the same wafer 
thickness results in a pure tensile field at the crack tip. For bonded wafers with dif- 
ferent thickness, the same loading situation causes an additional shear stress con- 
tributing to an increased probability of crack kinking towards the thinner material, 
and therefore, of wafer fracture. In addition, the specific crack configuration itself 
is of significance since the T-stress intensity depends also on the crack length. As 
a result, the tendency for crack kinking will be increased with growing crack 
length. To analyze the particular loading situation for a given bonded system, nu- 
merical simulations using the Finite Element Analysis (FEA) must be applied. 

In order to split high-strength wafer-bonded interfaces a new patented debond- 
ing approach [18,19] has recently been developed. The technique is based on con- 
trolled slow crack propagation in the bonded interface, which allows the cleaving 
of high strength bonds and reduces the risk of crack kinking into the bonded wa- 
fers. 

Slow Crack Propagation in Bonded Interfaces 

In terms of fracture mechanics, the instantaneous fracture of a brittle solid has to 
be attributed to the fast and unstable propagation of an existing micro-crack. It 
was recently found that slow (subcritical) crack growth processes, which are well 
known from studies of glass and ceramics, could additionally occur in the inter- 
face of mechanically loaded, wafer-bonded semiconductor materials. The subcriti- 
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cal crack growth affects significantly the lifetime of long-term stressed wafer- 
bonded micromechanical systems (MEMS) and, therefore, their mechanical reli- 
ability properties. For instance, it was shown that a wafer-bonded device, which is 
loaded with 30-40% of its initial strength fails after a time of about VA years (see 
Bagdahn and Petzold [20]). The subcritical crack growth is based on the stress 
corrosion of siloxane bonds (Si-O-Si) in the bonded interface. Molecules that 
contribute to the stress corrosion processes of siloxane bonds are, for example, 
water, ammonia or methanol (see Michalske [21]). For example, the humidity of 
the ambient air is a typical source of stress corrosion. 

Figure 14.10 shows schematically the subcritical crack growth induced by wa- 
ter molecules in a silicon dioxide network. 






Fig. 14.10. Stress corrosion in a silicon dioxide network (after Michalske [21]) See text for 
details 

In the first step, the water molecules will be readily transported to the crack tip 
(Fig. 14.10, step 1). Afterwards, the water molecules attack the highly stressed 
siloxane bonds at the crack tip (Fig. 14.10, step 2). As a result, silanol bonds 
(Si-OH) were formed (Fig. 14.10, step 3) according to the following reaction: 

mechanical stress (14.2) 

Si-O-Si + H20 ► Si-OH : HO-Si 

The concomitant hydrogen bonds between opposing silanol groups can be more 
easily cleaved by the applied stress compared to the covalent Si-0 bonds (Fig. 
14.2, step 3). After cleaving one siloxane bond, the process will continue at the 
next adjacent bond. The resulting crack growth velocity covers a range from a few 
nanometers up to millimeters per second, depending on the applied mechanical 
loading intensity as well as the presence and concentration of reactive species at 
the crack tip. For example, the subcritical crack growth velocity v of bonded sili- 
con wafers after different annealing temperatures is depicted in Fig. 14.11 as a 
function of the relative loading intensity, R, of a cleaving test. Here, R is the ratio 
between the applied loading level and the initial strength of the interface. Hence, a 
loading level of R = 1 leads to the instantaneous fracture, which is frequently ac- 
companied by crack kinking into the wafer bulk material. It can further be seen in 
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Fig. 14.11 that the subcritical crack growth velocity can reach values up to 
v ~ 10" 5 -10" 4 m/s for samples annealed at high temperatures after bonding, if split- 
ting was performed under laboratory conditions. The subcritical crack growth ve- 
locity can, however, be further increased by changing the environmental condi- 
tions. Cleaving in pure water leads to an increase in the maximum velocity to 
values up to v ~ 10" 3 m/s [20]. 
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Fig. 14.11. Subcritical crack growth velocity, v, versus loading ratio, R. Samples: Directly 
bonded 4-inch Czochralski silicon wafer (thickness 525 pm) with a 500 nm interfacial ox- 
ide, annealed at 800°C and 1100°C after bonding. Environmental conditions during cleav- 
ing: 23°C and 30% relative humidity 
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Fig. 14.12. Overview of subcritical crack growth in wafer-bonded interfaces as a function 
of the bonding process and the annealing temperature 
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The experimental data showed subcritical crack growth and a strength decrease 
for hydrophilic wafer-bonded samples. Both effects were absent in samples which 
were bonded under hydrophobic conditions in ultra-high-vacuum (UHV) and 
bonded under hydrophilic conditions containing a native-native oxide annealed at 
1 100°C (Fig. 14.12). 

With respect to the influence of the applied wafer bonding techniques, the in- 
vestigations presented by Bagdahn and Petzold [20] revealed that the subcritical 
crack growth occurred in interfaces that contained a homogeneous silicon dioxide 
interface layer. 

On the other hand, it was found that hydrophobic wafer-bonded interfaces and 
hydrophilic interfaces with native oxides on both wafer surfaces, annealed at 
1100°C, were resistant against subcritical crack growth. This phenomenon could 
be attributed to the lack of siloxane bonds in both cases. Bonding in a hydrophobic 
wafer-bonded interface is based on the formation of Si-Si bonds. For the hydro- 
philic bonded wafers with thin native surface oxides, TEM investigations revealed 
that the high-temperature annealing step caused a partial dissolution of the inter- 
face oxide film and the formation of local regions with the Si-Si bonds. The 
interfacial oxide can be locally dissolved if the oxide thickness is smaller than 3 
nm and the twist angle between the crystallographic orientation of the wafers is 
smaller than a critical angle. This process results in the formation of holes in the 
oxide layer where Si-Si bonds instead of Si-O-Si bonds, locally bond the inter- 
face [22]. The plan- view TEM micrograph in Fig. 14.13 shows clearly a high den- 
sity of holes in the oxide layer. 




Fig. 14.13. Plan-view transmission electron micrograph of a native-native interfacial oxide 
bonded under hydrophilic conditions and subsequently annealed at 1 100°C for 5h. The im- 
age shows holes in the interface oxide layer with dislocation networks indicating the forma- 
tion of Si-Si bonds. (Image courtesy of Dr. R. Scholz, Max-Planck- Institute of Microstruc- 
ture Physic, Halle, Germany) 



Furthermore, the screw dislocation network inside the holes indicates the for- 
mation of Si-Si bonds. Since the Si-Si bonded sites cannot be chemically attacked 
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and are as easily separated as the Si-O-Si bonds this effect prevents the occur- 
rence of subcritical crack growth and, thus, the failure in long-term loading. Sub- 
critical crack growth may be utilized to control the cleaving of a bonded interface, 
since it is strictly restricted to wafer-bonded interfaces containing Si-O-bonds but 
does not occur for Si or other semiconductor wafer materials. For this purpose, 
both the subcritical crack growth in the bond interface and the instantaneous 
strength behavior of the wafer material have to be accordingly described by frac- 
ture mechanics, which is not outlined in full detail here. As a result, a time- 
dependent load function can be derived, describing the conditions for interface 
crack initiation and propagation based on the subcritical crack growth mechanism. 



14.2.3 Generation Of Cracks In High-Strength Bonded Interfaces 

Common debonding methods based on an insertion of a wedge cannot be applied 
to generate a crack in the bonded interface in high-strength bonded interfaces due 
to crack kinking, as was briefly discussed above. However, stressing of the 
bonded interface at a lower load level in order to a subcritical crack growth in the 
bond interface can circumvent the problem. A careful control of the loading ratio, 
R, at the crack tip is of crucial importance, which can be seen in Fig. 14.1 1. For R 
values close to 1, the crack propagation velocity exceeds the range of the subcriti- 
cal crack growth. The crack can kink out into the bulk wafer. On the other hand, a 
low R value (in particular, R < 0.6) leads to a very low crack velocity. In this case, 
the cleavage of the wafer bond cannot be performed during an acceptable process 
time. 

In fracture mechanics, the loading intensity can commonly be characterized by 
the stress intensity factor, K b Fracture due to instantaneous crack propagation oc- 
curs if the stress intensity factor reaches a material-dependent critical value, the 
fracture toughness K iC . This situation is equivalent to R = 1 . The range of utiliz- 
able subcritical crack growth rates corresponds to (0.6 K 1C <K t < K IC ) while, in 
general, the crack growth rate increases with K b It should be noted that K IC could 
easily be related to surface energy values (see Irwin [23]). 

To verify the splitting of high-strength wafer-bonded joints, two different ap- 
proaches were investigated with particular respect to crack initiation and kinking. 
In the first approach, a constant weight loading produced a pulling force acting 
perpendicularly to the bonded interface. The second approach was based on the 
controlled insertion of a wedge using an appropriate testing device. In the latter 
case, in contrast to dead weight loading, the displacement at the point of loading 
due to the wedge remains constant. A schematic drawing of both methods is de- 
picted in Fig. 14.14. 
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Fig. 14.14. Schematic representation of the loading situation by wedge insertion (constant 
displacement, upper figure) and by dead weight loading (constant loading, lower figure) 

The stress intensity factor of a sample loaded with a constant force at the edge 
of a wafer, K^ P) is proportional to the product of the crack length, a , and the force, 
P, see Murakami [24], 



K\ p) ~ a - P (14.3) 

It follows from (14.3) that crack propagation will lead to an increase of the 
stress intensity factor and, thus, to an increase of the crack velocity. Consequently, 
the control of the wafer separation process requires the force to be decreased as a 
function of the crack growth. Since the generated cracks are very small during the 
initiation stage (several micrometers), such control is very difficult to achieve with 
the force regulation. In contrast, in the case of constant displacement, d , the stress 
intensity factor decreases with growing crack length, according to Murakami 
[24]: 



K d d (14.4) 

K ' 

Therefore, the cleaving approach allows simpler regulation without the risk of 
spontaneous fracture. Further experiments were performed with a controlled con- 
tinuous feed of the wedge to determine the appropriate parameters for crack initia- 
tion based on the wedge insertion approach using a modified double cantilever 
beam test (DCB) (see [5]). 

During these investigations, a thin blade was inserted into the bonded interface 
at the rim of a strip cut from a bonded wafer pair. Loading included subsequent 
pushing steps performed with a speed of 1 pm/s for 60 s, each followed by another 
60 s hold time. Figure 14.15 shows the load signal recorded during the test. It can 
be seen that the force remained constant during the hold time for the initial push- 
ing steps; see magnified part A in Fig. 14.15. Further pushing steps contributed to 
an increased loading of the blade. After several pushing and holding steps the re- 
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corded force signal indicated a noticeable load decrease during the holding step; 
see the magnified part B in Fig. 14.15. This effect has to be attributed to the sub- 
critical crack propagation of the formed pre-cracks, causing the specimen’s com- 
pliance to decrease. After an insertion of about 1 mm, a crack with a size of sev- 
eral millimeters was initiated from the small pre-cracks. The macro-crack 
formation leads to a drastic reduction of the compliance of the specimen, which 
leads to a drop in the force signal. It was shown that, with the crack once initiated, 
the insertion velocity of the blade could distinctively be increased to a sample- 
specific maximum value. 




Fig. 14.15. Recorded force signal of the crack initiation during the insertion of a wedge in 
the bonded interface (see text for details) 

The cleaving velocity thus achieved depended on the bonding parameters, such as 
the annealing temperature, and on the thickness ratio of the bonded wafers. An 
overview of the possible derived cleaving velocities without wafer breaking for 
different geometric conditions after high-temperature annealing is summarized in 
Table 14.1. 



14.3 Applications and Debonding Devices 



14.3.1 Handling of Wafers During Fabrication 

Figure 14.16 shows the application of debonding for the handling of thin and brit- 
tle semiconductor materials. The process wafer (wafer #B) and handling wafer 
(wafer #A) are directly bonded together (Fig. 14.16-1 and -2). If it is required, the 
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process wafer #B will be thinned to the desired thickness (Fig. 14.16-3). After the 
standard microelectronic processing steps are performed at the surface of wafer 
#B (Fig. 14.16-4), the bonded interface will be separated (Fig. 14.16-5). The han- 
dling wafer #A can be used as a new handling wafer for another stiffening proc- 
ess. The processed wafer #B will be diced into chips. 



Table 14.1. Possible cleaving velocities in mm/s for different bonding and environmental 
conditions 
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Fig. 14.16. Handling of thin semiconductor materials by direct wafer bonding and con- 
trolled cleaving 



Handling Approaches for Low Process Temperatures 

In addition to commonly used technologies a new process for the handling of 
GaAs wafers during grinding was developed by Dragoi et al. [25]. The process 
uses a thermal release dry adhesive film as an intermediate layer between the 
GaAs wafer and a carrier substrate. GaAs wafers (150 mm diameter, 675 pm 
thick) and sapphire wafers (150 mm diameter, 700 pm thick) were bonded using 
the 100 pm thick dry film, which had a release temperature of 120°C. The dry film 
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was applied in the form of pre-cut sheets. The films for reversible bonding have 
two adhesive sides: one is bonded to the carrier, while the second remains covered 
with a protective film which is released only prior to bonding to the device wafer. 
The process involves two bonding steps: in the first step the film sheet is bonded 
to the carrier wafer, and then the device wafer is bonded to the coated sapphire 
wafer. The carrier wafer is transferred into the process chamber of a commercial 
wafer bonding tool. The dry film adhesive film is placed on the chuck (permanent 
adhesive towards top) while the sapphire wafer is separated from the tape by sepa- 
ration flags in order to enable the interface to be degassed before bonding. The dry 
film is bonded to the carrier wafer under vacuum conditions to avoid air bubbles 
between the sapphire wafer and the tape (1CT 3 mbar). Afterwards a contact force is 
applied at room temperature to initiate the bonding. In a second step the device 
wafer (GaAs in this case) is transported into the bond chamber and the bonding is 
performed using the same parameters described above. 



WAFER STACK LOADING 



TOP CHUCK DOWN 



OE BONDING 



Fig. 14.17. Schematic drawing of thermal debonding approach [26] 






After processing, e.g. grinding and polishing of the GaAs wafer, the wafers are 
debonded. The wafer stack is heated up to the release temperature of the adhesive 
film and then the top chuck is gently tilted in order to start debonding from the 
wafer rim. This procedure decreases the probability of device wafer shattering due 
to the mechanical stress which can occur during debonding due to the sticking ef- 
fect (Fig. 14.17). 

Another approach for stiffening thin, fragile wafers using wax technology and a 
subsequent release technology was developed by Shiga (see Fig. 14.18) [27]. The 
thin wafer is glued to a carrier substrate, e.g. quartz or silicon, using an organic 
adhesive. After the processing of the thin wafer, the wafer and carrier are placed 
into the debonding device. The device is heated up to 130°C so that the used glue 
starts to soften, then a rod is pushed against the wafer in order to release the proc- 
ess wafer from the carrier. 
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Fig. 14.18. Device for peeling adhesive bonded wafers [27] 




Fig. 14.19. Cleaving device with blades, feed setup and bonded wafer pair. 



Approaches for Elevated Process Temperatures 

For the cleaving approach presented in [19], for splitting a high-strength bond af- 
ter high-temperature annealing, a special computer-controlled device (Fig. 14.19) 
was developed that inserts thin blades with a defined velocity at four different po- 
sitions into the bonded interface. 
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Fig. 14.20. Top : schematic representation of the blade insertion into the bonded interface. 
Bottom : in-situ transmission infrared image during the cleaving process 

In order to generate the initial fatigue defect by subcritical crack growth, a con- 
trolled slow insertion speed is required during the first stage. If the initial cracks 
are formed, the feed rate can be increased to a few hundred pm/s up to few mm/s 
(see Table 14.1). The crack propagation can also be checked using an attached in- 
frared imaging system. In the advanced stage of blade insertion, the cracks grow 
to form half-elliptical cracks in front of the blade tips (Fig. 14.20). During the fi- 
nal stage, the cracks unite, which leads to the complete splitting of the bonded wa- 
fers. The few hundred micrometer thick blades are chevron shaped; this allows the 
insertion of the blades into the bonded interface without any impediment between 
the blades during further forward movement. 

Furthermore, the crack growth can also be controlled by using the load signal 
recorded at the blade, allowing a set of optimized insertion rate parameters to be 
determined. These parameter sets could then be used to repeatedly perform the 
splitting processes on batches of bonded wafers without the need of a force meas- 
urement setup. The achieved cleaving times can be seen in Table 14.1; the time 
required for the initial crack generation (5-10 minutes) has to be added to these 
values. 
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A directly bonded wafer pair (annealed at 1 1 00°C) that was completely cleaved 
is presented in Fig. 14.21. An interference pattern, caused by the crack growth in 
the 500 nm thick interfacial oxide, is visible at the cleaved surfaces. The complete 
cleaving time of the wafer pair was about 20 minutes. 




Fig. 14.21. Completely cleaved bonded wafer pair (bonding annealing temperature of 
1100°C) 



14.3.2 Transfer of Thin Films for MEMS Applications 

Figure 14.22 shows a proposal for a process for the fabrication of a MEMS device 
by transferring a thin wafer to another wafer. The pre-bonded wafer (Fig. 14.22- 
1), which consist of a thin transfer wafer (wafer B, thickness 20-200 pm) and a 
handling wafer (wafer #A, thickness 300-600 pm), will be bonded (Fig. 14.22-2) 
to a wafer containing a microstructure (wafer #C). Afterwards, the joint wafer 
stack is cleaved (Fig. 14.22-3) in the bonded interface between wafer #A and wa- 
fer #B, leading to a new wafer pair (wafer #B and wafer #C). This wafer contains 
a sealed cavity, which can, for example, be used for pressure sensors or fluidic ap- 
plications. Further etching processes can be applied to produce movable elements 
(Fig. 14.14-4), producing a free-standing beam with a defined thickness and a pos- 
sible large displacement perpendicular to the bonded interface. The cleaved wafer 
#A can either be used as a new handling or as a capping wafer. Here, the crucial 
step of the splitting approach is the defined crack initiation in the interface #1. 
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Fig. 14.22. Transfer of thin semiconductor materials by direct wafer bonding and controlled 
cleaving to form a micromechanical device 

After crack initiation, subcritical growth can occur in interface #1 only, since 
the transferred silicon is resistant to the underlying stress corrosion effects. As- 
suming an accurate loading control, crack kinking into the interface #2 can be 
avoided even if interface #2 is weaker than interface #1. The transfer of a 50 pm 
thick silicon wafer from a SOI wafer (interface #1 with high bond strength due to 
an annealing temperature of 1100°C) to a second wafer could successfully be 
achieved. 
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